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Parti:  Introduction 


Statement  of  Problem 

The  current  U.S.  Army  Corps  of  Engineers  thickness  design  procedures  for  rigid 
and  flexible  pavements  are  deterministic  in  nature;  i.e.  they  use  one  value  (typically  the 
mean  value)  for  each  of  the  design  parameters  and  essentially  ignore  the  inherent 
variability  of  the  design  parameters  during  the  design  process.  Variability  in  the  design 
parameters,  such  as  the  California  Bearing  Ratio  (CBR)  of  the  subgrade  in  flexible 
pavement  design,  for  example,  may  be  recognized  during  selection  of  the  one  design 
value,  but  the  effects  of  a  subgrade  having  a  relatively  consistent  CBR  versus  one  that 
doesn’t  cannot  be  assessed. 

The  use  of  probabilistic  techniques  to  characterize  the  variability  of  the  pavement 
design  parameters,  such  as  with  the  standard  deviation  or  coefficient  of  variation  (CV  )  of 
the  parameter,  and  translated  into  an  estimated  reliability  for  a  particular  design,  would 
enable  an  engineer  to  more  effectively  design  a  pavement  for  a  particular  application. 

These  tools  would  also  allow  the  engineer  to  evaluate  the  effects  of  different  degrees  of 
variability  in  a  pavement  system,  perhaps  those  determined  fi'om  quality  control  and 
assurance  testing  during  pavement  construction,  on  the  reliability  of  the  design,  fi'om 
which  appropriate  adjustments  to  compensation  for  the  builder  could  be  more  readily 
quantified. 

The  Corps  of  Engineers  primarily  uses  two  design  procedures  for  both  rigjd  and 
flexible  pavement  design  for  airfields.  The  two  rigid  pavement  design  procedures  are 
based  upon  the  same  performance  data  taken  fi'om  the  trafficking  of  pavement  test 
sections  constructed  for  that  purpose.  One  of  the  procedures  uses  the  Westergaard  edge 
stress  equation  to  calculate  the  maximum  stress  due  to  an  applied  load  (Departments  of 
the  Air  Force  and  Army  1988),  and  the  other  procedure  uses  an  elastic  layer  analysis 
technique  to  calculate  stresses  in  the  slab  due  to  an  applied  load.  The  two  flexible  design 
procedures  were  also  developed  fi'om  performance  data  taken  fi'om  test  section 
trafficking.  The  CBR  design  procedure  (Departments  of  the  Na'vy,  the  Army,  and  the  Air 
Force  1978)  makes  use  of  the  CBR  value  of  the  subgrade,  subbase,  and  base  course  for 
determining  the  thickness  of  pavement  necessary  to  carry  a  certain  number  of  applied 


’  CV  =  standard  deviation/mean  value 
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loads  before  failure  (shear  failure  or  rutting  of  the  pavement).  The  Corps  layered  elastic 
design  procedure  for  flexible  pavements  uses  the  modulus  of  elasticity  and  Poisson’s  ratio 
of  each  of  the  pavement  layers  to  estimate  the  stresses  and  strains  at  particular  locations  in 
the  pavement  system  that  are  indicative  of  the  performance  of  the  pavement  under 
repeated  load. 

Objectives  of  the  Research 

The  objective  of  this  research  is  to  develop  a  conceptual  approach  to  applying 
probabilistic  techniques  to  the  Corps  of  Engineers  rigid  (Westergaard)  and  flexible  (CBR) 
airfield  pavement  thickness  design  procedures.  These  concepts  will  then  be  used  to 
modify  the  Corps  airfield  pavement  thickness  design  procedures  to  consider  the  effects  of 
variability  in  the  design  parameters  on  the  reliability  of  the  design. 

Scope 

The  objectives  will  be  accomplished  by  the  following  tasks; 

1.  Conduct  a  review  of  existing  design  procedures  that  consider  variability  in  the 
design  parameters  as  part  of  the  design; 

2.  Investigate  statistical  methods  for  characterizing  the  variability  of  design 
parameters  and  performance  equations; 

3.  Determine  reasonable  estimates  of  the  variability  of  the  rigid  and  flexible 
pavement  design  parameters; 

4.  Develop  reliability-based  design  procedures  for  rigid  (Westergaard)  and  flexible 
(CBR)  airfield  pavement  thickness  design;  and 

5.  Suggest  levels  of  reliability  for  military  airfield  pavement  thickness  design. 

Background 

Concept  of  Reliability 

Stated  simply,  reliability  is  the  probability  that  something  will  not  fail,  or  expressed 
mathematically,  reliability  is  one  minus  the  probability  of  failure.  The  AASHTO  design 
procedure  (AASHTO  1986)  describes  the  reliability  concept  for  pavements  as  follows: 

The  reliability  of  a  pavement  design-performance  process  is  the  probability 
that  a  pavement  section  designed  using  the  process  will  perform 
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satisfactorily  over  the  traffic  and  environmental  conditions  for  the  design 
period. 

Applying  these  concepts  to  the  Corps  of  Engineers  rigid  and  flexible  pavement 
design  models,  the  reliability  of  a  pavement  may  be  described  as  the  probability  that  the 
pavement  will  not  reach  the  faUure  condition  before  all  of  the  design  traffic  is  appUed  to 
the  pavement. 

One  approach  for  quantifying  the  reliability  is  to  relate  the  capacity  (C)  of  a 
pavement  system  (in  terms  of  the  number  of  applications  applied  to  the  pavement  before  it 
fails)  to  the  demand  (D)  of  traffic  to  be  applied  to  the  pavement  (in  terms  of  the  number  of 
load  applications  actually  applied  to  the  pavement).  Both  the  capacity  and  the  demand  can 
be  represented  by  a  log-normal  distribution  with  a  mean  value  and  a  variance.  The  log- 
normal  distribution  assumes  that  the  logarithm  of  the  number  of  passes  (or  coverages  )  of 
traffic  appUed  to  a  pavement  is  normaUy  distributed;  this  assumption  is  commonly  used  in 
other  reliability-based  design  procedures  (Harr  1987).  The  difference  in  the  capacity  and 
the  demand,  or  the  scrfety  margin  (SM),  is  also  log-normally  distributed,  with  a  mean 
E[SM]  and  a  variance  V[SM]  expressed  as  follows: 

E[SM]  =  E[C]-E[D]  Eqn.  1 

V[SM]  =  V[C]  +  V[D]  Eqn.  2 

This  model  for  the  V[SM]  assumes  that  the  capacity  and  demand  are  independent  of  each 
other.  These  concepts  are  illustrated  in  Figure  1. 

The  variance  of  the  demand  (V[D])  is  simple  to  apply  in  this  model,  although 
perhaps  not  simple  in  practice  to  estimate.  This  variability  represents  the  degree  of 
confidence  that  the  designer  has  in  his  estimate  of  how  much  and  what  kind  of  traffic  will 
be  applied  to  the  pavement  over  the  life  of  the  pavement.  This  requires  complete 
knowledge  of  future  events,  such  as  changes  in  airfield  mission  requirements  or  the 
development  of  new  aircraft,  that  the  designer  does  not  have.  Therefore,  there  is  a  great 
chance  that  what  the  designer  originally  estimates  for  the  design  traffic  and  what  amount 
of  traffic  is  actually  applied  to  the  pavement  over  the  design  life  (typically  20  years)  is 

different. 

The  variance  of  the  capacity  (V[C])  of  the  pavement  is  somewhat  more  difficult  to 
determine.  The  capacity  of  a  pavement  system  is  estimated  in  the  pavement  design  model 


*  The  coverages  concept  is  explained  in  later  sections. 
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Figure  1.  Reliability  concept  using  safety  margin 


by  assuming  values  (usually  the  mean  value)  for  the  input  parameters  and  appl)dng  them  to 
the  performance  equation  to  get  the  design  thickness.  The  performance  equation  relates 
these  design  inputs  to  the  capacity  expected  for  that  combination  of  design  inputs,  and  is 
based  (in  the  Corps  of  Engineers  design  procedures)  upon  regression  equations  developed 
from  test  section  data.  Therefore,  the  variability  of  the  capacity  of  the  pavement  system  is 
based  not  only  on  the  variability  of  the  design  inputs,  but  the  variability  of  the  regression 
model  itself; 
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V[C]  =  f{ V[design  parameters] }  +  V[peiformance  equation]  Eqn.  3 

This  concept  is  illustrated  for  the  Corps  of  Engineers  rigjd  pavement  design  model 
in  Figure  2.  The  performance  model  relates  the  design  factor  (DF),  a  ratio  of  the  90-day 
flexural  strength  to  the  maximum  stress  (Owe)  hi  the  slab  due  to  load,  to  the  pavement 
capacity,  or  the  logarithm  of  the  number  of  applications  of  load  until  failure  (LCc).  The 
design  factor  contains  all  of  the  design  parameters,  such  as  the  flexural  strength,  modulus 
of  subgrade  reaction,  modulus  of  elasticity  and  Poisson’s  ratio  of  the  concrete,  load 
transfer,  and  slab  thickness,  and  thus  the  variability  of  these  inputs  results  in  variability  of 
the  design  factor.  The  variance  of  the  performance  model  equation  is  a  function  of  the 
scatter  of  the  data  used  in  developing  the  equation,  and  the  position  along  the  regression 
equation;  the  further  firom  the  center  of  the  data,  the  less  reliable  the  equation  is  for 
predicting  the  relationship  between  the  variables  in  the  equation. 

Once  the  E[SM]  and  V[SM]  are  known,  the  reliability  of  the  pavement  can  be 
determined  by  the  equation 

Reliability  =  Prob[  SM  >  0  ]  Eqn.  4 

which  is  represented  by  the  shaded  area  in  Figure  1  (the  area  greater  than  zero). 


Figure  2.  Conceptual  representation  of  deterministic  and  stochastic  approach  to 
the  Corps  rigid  pavement  performance  model 
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This  concept  is  intuitively  correct.  The  larger  the  expected  capacity  C  of  the 
pavement  system  is  relative  to  the  expected  demand  D  on  the  pavement,  the  less  likely  the 
pavement  will  fail  before  all  the  demand  traffic  is  applied  to  the  pavement,  and  therefore 
the  pavement  is  more  reliable.  This  corresponds  to  a  larger  safety  margin  SM  (or  E[SM]), 
which  sWfts  the  SM  frequency  distribution  farther  away  from  zero  (on  the  positive  side) 
and  increases  the  area  under  the  curve  that  is  greater  than  zero,  which  is  the  reliability. 
Note  that  if  the  capacity  of  the  pavement  system  is  equal  to  the  demand,  the  safety  margin 
is  zero,  and  the  reliability  of  the  pavement  system  is  50  percent.  This  is  the  typical  result 
of  a  deterministic  design,  where  the  mean  value  of  the  design  parameters  is  used,  and  the 
expected  capacity  of  the  pavement  system  is  automatically  assumed  to  be  equal  to  the 
expected  demand  on  the  pavement. 

Another  way  to  increase  the  reliability  of  the  pavement  is  to  reduce  the  variability 
or  variance  of  the  design  inputs  (for  instance,  the  flexural  strength  of  concrete  during 
construction),  which  in  turn  decreases  the  variance  of  the  capacity  V[C],  which  in  turn 
reduces  the  variance  of  the  safety  margjn  V[SM].  As  the  V[SM]  is  reduced,  the  SM 
frequency  distribution  “contracts,”  resulting  in  even  more  of  the  area  of  the  curve  being 
greater  than  zero,  which  represents  an  increased  reliability.  Note  that  the  opposite  effect 
would  occur  if  the  demand  Ejp]  is  greater  than  the  capacity  E[C],  and  the  safety  margin 
E[SM]  is  less  than  zero.  The  reliability  in  this  case  is  less  than  50  percent,  and  a 
contraction  of  the  SM  frequency  distribution  resulting  from  decreased  variability  in  the 
pavement  design  parameters  actually  results  in  the  pavement  system  being  less  reliable. 
These  concepts  are  Illustrated  in  Figure  3. 

Before  these  concepts  are  applied  to  the  Corps  of  Engineers  rigid  and  fleable 
airfield  pavement  design  procedures,  the  design  procedures  will  be  reviewed  in  sufficient 
detail  to  explain  how  the  reliability  concept  can  be  applied  to  them. 

Review  of  the  Coips  of  Engineers  Rigid  Pavement  Design  Procedure  using 
the  Westergaard  Edge  Stress  Equation 

As  stated  previously,  this  Corps  rigid  pavement  design  procedure  uses  the 
Westergaard  edge  stress  (Gwe)  equation  as  a  basis  for  determining  the  maximum  stress  in  a 
concrete  slab  due  to  a  load  applied  by  a  single  wheel.  The  equation  takes  the  form; 
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Figure  3,  Effect  of  variability  of  design  parameters  on  reliability 
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Pickett  and  Ray  (1951)  expanded  the  scope  of  the  Westergaard  equations  by 
developing  influence  charts  which  allowed  the  computation  of  edge  load  stresses  due  to  a 
multiple  wheel  load,  such  as  an  aircraft  gear.  Kreger  (1967)  developed  a  computerized 
solution  of  the  Pickett  and  Ray  charts,  called  H5 1.  The  Corps  of  Engineers  (Rollings 
1989)  used  the  H51  program  to  develop  a  regression  equation  to  calculate  the 
Westergaard  edge  stress  under  multiple  wheel  gear  loads  which  took  the  form: 

^WE  ~  ~~2  (^0  ^2  0^0))  ^ 

y 

where:  =  Westergaard  edge  stress  (psi) 

P  =  gear  load  (lbs) 
h  =  thickness  of  concrete  slab  (in.) 

/  =  radius  of  relative  stiflfiiess  (in.) 

Oq,  01,02  ~  regression  constants  for  a  particular  derail. 


load  (lbs) 

slab  thickness  (in.) 

radius  of  relative  stif&iess  (in.) 


=  4 


Ey 


'\i(\-y)k 

modulus  of  elasticity  of  concrete  (psi) 

Poisson's  ratio 

modulus  of  subgrade  reaction  (pci) 
semi-major  axis  of  footprint  of  loaded  area  (in.) 
■  semi-minor  axis  of  loaded  area  of  footprint  (in.) 


Eqn.  6 


This  regression  equation  yielded  results  that  correlated  very  well  with  results  from  the 
H5 1  program,  and  its  use  greatly  simplified  the  calculation  of  stresses  in  the  Corps  of 
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Engineer  rigid  pavement  design  computer  programs,  such  as  the  Rigid  Airfield  Pavement 
Design  (RAD)  program  (Barker  1987). 

Concept  of  Load  Transfer 

The  concept  of  load  transfer  at  concrete  pavement  joints  is  very  important  and 
basic  to  the  Corps  of  En^eers  design  procedure  for  rigid  pavements.  Load  transfer 
refers  to  the  amount  of  load  (in  percent  of  applied  load)  that  is  carried  by  an  unloaded 
concrete  slab  due  to  a  load  applied  to  an  adjacent  slab  (Figure  4).  Stresses  due  to  the 
applied  load  are  transferred  to  the  unloaded  slab  through  shear  at  the  vertical  interface  of 
the  joint  between  the  slabs.  The  procedures  assume  that  25  percent  of  the  load  applied  to 
the  edge  of  a  concrete  pavement  slab  (the  most  critical  loading  position)  is  transferred 
through  the  joint  to  the  adjacent  unloaded  slab  (Rollings  1985).  This,  in  effect,  reduces 
the  edge  stress  in  the  loaded  slab  by  25  percent  fi'om  a  maximum  fi'ee  edge  condition 


FREE  EDGE  CONDITION 


WhcdLoad 


Undcflected  Pavement  Suifece 


Free  Edge  Deflection 

^  Ae 


Subgiade 


LOAD  TRANSFER  FROM  ADJACENT  SLAB 


Loaded  Edge 
Deflecdon:  Al 


Wheel  Load 


ii 


Unloaded  Edge 
Deflection:  An 


I^d Transfer  «  An 
Efficiency  (%)  A  L 


I 


Load  Transfer  C/.)  -  0  )  *  100 

OE 


Figure  4.  Concept  of  load  transfer 
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thereby  allowing  for  a  reduced  slab  thickness.  The  25  percent  load  transfer  assumption  in 
the  Corps  and  FAA  design  procedures  is  a  simplifying  assumption.  Load  transfer  is  a 
complex  mechanism  that  can  vary  with  concrete  pavement  thickness,  joint  spacing, 
temperature,  moisture  content,  aggregate  type  and  size,  age,  construction  quality, 
magnitude  and  repetition  of  load,  and  type  of  joint.  If  the  25  percent  load  transfer 
assumption  is  not  met  in  actuality,  the  life  of  the  pavement  may  be  significantly  reduced 
fi-om  the  expected  design  life  (Figure  5). 
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Thickness  = 

Load  =  37,: 

Radius  =  5 

=  12  in. 

500  lbs 

irr 

— r~~r— r““T~” 

k  =  200pd 

E= 4,000,000  psi 

Poisson's  Ratio  =  0.15 

Flex.  Stren.=  650  psi 

1  I  >  t  1  — T-nt— 

10  15  20 

Percent  Load  Transfer 
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30 
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Figure  5.  The  effect  of  reduced  load  transfer  on  pavement  life 


The  Corps  Method  for  Counting  Traffic  on  Airfield  Pavements 

The  Corps  rigid  pavement  thickness  design  procedure  does  not  directly  use  the 
number  of  applications  of  traffic  loads,  expressed  in  terms  of  passes  or  operations  of  an 
aircraft,  when  determining  the  thickness  necessary  to  accommodate  the  traffic.  Instead, 
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the  procedure  converts  the  actual  number  of  apphcations  of  traffic  to  coverages  of  traffic. 
The  coverages  concept  accounts  for  the  distribution  of  the  traffic  (wheel)  loads  across  the 
width  of  the  traffic  lane.  According  to  a  Corps  study  by  Brown  and  Thompson  (1973) ,  "a 
coverage  occurs  when  each  point  in  the  pavement  within  the  limits  of  the  traffic  lane  has 
been  subjected  to  a  maximum  stress,  assuming  that  the  stress  is  equal  under  the  full  tire 
print." 

The  number  of  passes  of  a  particular  aircraft  or  vehicle  required  to  obtain  one 
coverage  of  a  particular  width  of  traffic  lane,  called  the  pass  per  coverage  ratio  (p/c),  is  a 
function  of  the  tire  contact  width,  number  of  tires,  and  tire  configuration  in  a  multiple- 
wheel  aircraft  gear.  The  p/c  ratios  have  been  defined  for  a  number  of  aircraft  for  two 
"wander  widths,"  or  traffic  lane  widths  within  which  75  percent  of  the  passes  of  a  gear  are 
expected  to  occur.  For  channelized  traffic,  which  is  assumed  to  occur  along  taxiways 
where  the  aircraft  can  be  steered  along  the  centerline  of  the  traffic  lane,  the  wander  width 
is  defined  as  70  in.;  in  non-channelized  traffic  areas,  such  as  nmways  and  aprons,  the 
wander  width  is  assumed  to  be  140  in.  The  p/c  ratio  is  divided  into  the  number  of  passes 
or  operations  of  an  aircraft  to  get  the  number  of  coverages  of  the  aircraft  for  a  particular 
traffic  area. 

The  Corps  procedure  divides  an  airfield  into  four  traffic  areas  —  Type  A,  B,  C,  and 
D  traffic  areas  —  for  purposes  of  designing  pavements  for  those  areas  (Figure  6).  The 


Runway 

End 

(Type  A) 

Runway  Edge  (Type  D) 

Runw^ 

End 

(TypeA) 

Runway  Interior  (Type  C5 

Runway  Edge  (Type  D)  _ 

V 

Taxiw^ 

(TypeA)  _ J 

Apron 

(TypeB) 


Figure  6.  Corps  of  Engineers  airfield  traffic  areas 
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traffic  areas  are  distinguished  by  the  percent  of  the  static  weight  of  aircraft  used  in 
calculating  the  stresses  due  to  load,  the  wander  width  used  in  determining  the  p/c  ratio, 
and  the  percent  of  the  total  design  passes  used  in  calculating  thicknesses  for  that  traflSc 
area.  These  combinations  for  each  traflhc  area  are  given  in  Table  1 . 

The  Corps  of  Engineers  design  procedure  provides  for  a  mixed  traffic  analysis,  in 
which  a  combination  of  aircraft  and  pass  levels  are  combined  into  a  single  dominant 
aircraft  with  an  equivalent  total  number  of  coverages.  The  design  procedure  also  bag 
provisions  for  airfield  types  and  classes  which  group  specific  aircraft  types  and  number  of 
passes  based  upon  common  experience.  Mixed  traffic  analysis  is  used  to  obtain  the 
dominant  aircraft  and  total  equivalent  coverages  for  each  airfield  class  and  type. 

The  Corps  of  Engineers  Rigid  Pavement  Performance  Model 

The  current  Corps  of  Engineers  rigid  pavement  performance  model  relates  the 
ratio  of  the  concrete  flexural  strength  and  the  stress  due  to  an  applied  load  to  the  expected 
number  of  coverages  of  traffic  (LCc)  that  is  achieved  at  the  time  the  failure  condition  is 
reached.  This  relationship  was  derived  fi-om  the  results  of  a  series  of  tests  conducted  in 
1943  through  1973  (Parker  et.  al  1979)  in  which  controlled  accelerated  simulated  aircraft 
traffic  loads  were  applied  to  a  series  of  full-scale  pavement  test  sections.  The  stresses  at 
the  edge  of  the  slabs  due  to  load  were  calculated  using  plate  theory  (i.e.  the  Westergaard 


Table  1.  Characteristics  of  Corps  of  Engineer  Airfield  Traffic  Areas 

Traffic 

Area 

Airfield 

Location 

Wander  Width 

Percent  of 
Static  Weight 
of  Aircraft 

Percent  of 
Total 
Passes 

Type  A 

Taxiways, 
Runway  Ends 

70  in. 

(Channelized) 

100 

100 

TypeB 

^rons 

140  in.  (Non- 
charmelized) 

100 

100 

TypeC 

Runway 

Interior 

140  in.  (Non- 
channelized) 

75 

100 

TypeD 

Runway 

Edges 

140  in.  (Non- 
chaimelized) 

75 

1 
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edge  stress  equation  or  the  H5 1  computer  program).  The  Mure  condition  was  defined  as 
that  point  during  the  load  repetitions  at  which  one-half  of  the  slabs  m  the  test  section 
contained  one  or  more  structural  cracks.  The  load  repetitions  were  expressed  in  terms  of 
coverages,  by  dividing  the  repetitions  of  load  or  passes  of  a  particular  gear  configuration 
by  the  p/c  ratio  for  that  gear. 


The  performance  model  makes  use  of  a  concrete  strength/applied  load  stress  ratio 
called  the  design  factor  {DF),  expressed  as: 


DF  = 


R 

(l-LT)GifrE 


Eqn.  8 


where:  DF  =  design  factor 

R  =  concrete  flexural  strength  (psi) 

LT  =  load  transfer  (percent) 

a  WE  Westergaard  edge  stress  (psi) 

In  the  performance  model,  the  load  transfer  LT  is  assumed  to  be  a  constant  25 
percent,  so  that  the  Westergaard  edge  stress  is  multiplied  by  a  factor  of  0.75.  The  design 
factor  was  calculated  for  each  of  the  test  section  trials,  and  plotted  as  the  dependent 
variable  against  the  number  of  coverages  of  traffic  applied  until  the  failure  condition  was 
reached  (Figure  7).  A  least-squares  linear  regression  was  then  used  to  obtM  the  equation 
(Rollings  1989): 

DF  =  0.5 + 0.25  X  LCc  ^ 

where:  DF  =  design  factor 

LCc  =  Log(coverages  of  traffic  applied  until  failure,  or  pavement 
capacity) 


The  equation  was  later  modified  to  account  for  continued  satisfactory  performance 
of  concrete  slabs  on  higher-strength  foimdations,  even  after  the  original  failure  criterion 
was  reached.  This  essentially  changed  the  failure  criteria  for  slabs  on  foundations  with  a 
modulus  of  subgrade  reaction  greater  than  200  pci.  The  modified  equation  was  expressed 

as: 

DF  =  0.7-0.001xA:+0.25xICc  Eqn.  10 

where:  DF  =  design  factor 

k  —  modulus  of  subgrade  reaction  (between  200  and  500  pci). 
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Figure  7.  The  Corps  of  Engineers  rigid  pavement  performance  equation 

TTie  Corps  of  Engineers  Procedure  for  Determination  of  Concrete  Pavement 
Thickness 

In  the  Corps  of  Engineers  procedure  for  determination  of  concrete  pavement 
thickness,  the  design  thickness  is  the  minimum  thickness  which  satisfies  the  following 
relationship; 

^PdESIGN  ^  ^^ALLOWABLE  Eqn.  11 

where;  DF design  ~  design  DF  fi'om  Eqn.  10 

DF allowable  ~  allowable  DF  fi’om  Eqn.  8 . 

In  calculating  the  DF/itjowart  f,  the  desired  number  of  coverages  until  f^ure 
LCd  is  determined  fi’om  dividing  the  desired  number  of  passes  over  the  design  life  of  the 
pavement  (typically  20  years  for  mrfield  pavements)  by  the  p/c  ratio  for  the  aircraft.  The 


14 


LCd  is  assumed  to  be  equal  to  the  LCc  in  Eqn.  10;  i.e.  the  capacity  of  the  pavement  is 
designed  to  be  equal  to  the  demand  of  traJBBc  to  be  applied  to  it. 


The  modulus  of  subgrade  reaction  on  top  of  the  base  course  is  used  in  calculating 
the  DF^iix)WABLE-  ^ modulus  of  subgrade  reaction  on  top  of  the  base  Utb  is  not 
knovm,  it  may  be  obtained  from  the  modulus  of  subgrade  reaction  k  for  the  compacted 
subgrade  and  the  base  course  thickness  {BT,  in  inches)  by  using  Figure  8  (Departments  of 
the  Army  and  Air  Force  1992),  or  the  following  equation: 


^TB  ~ 


_  [2.69897+(log(ifc)-2.69897)xl0l‘“'’‘*^"’'] 


Eqn.  12 


For  modulus  of  subgrade  reactions  less  than  200  pci,  Eqn.  9  is  used  for  calculating  the 
B>F allowable-  Modulus  of  subgrade  reactions  greater  than  500  pci  are  assumed  to  be 
500  pci  for  purposes  of  calculating  the  DFatj.owart.e  and  the  DFj^^sign- 

The  concrete  flexural  strength  from  the  third-point  loading  test  (ASTM  1992)  is 
used  in  the  DF^e^IGN  calculation;  the  90-day  strength  is  usually  considered  for  airfield 
pavements.  The  flexural  strength  in  the  field  is  controlled  such  that  80  percent  of  the 
quality  control  flexural  strength  test  results  exceed  the  design  flexural  strength. 


Figure  8.  Chart  for  obtaining  k  on  top  of  base 
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In  the  DF£,£^jQff  calculation,  the  load  transfer  is  assumed  to  be  25  percent  for 
airfield  pavement  design.  The  Westergaard  edge  stress  used  in  the  calculation  is 
computed  for  the  design  or  dominant  aircraft  using  the  regression  equation  expressed  in 
Eqn.  7.  The  concrete  modulus  of  elasticity  and  Poisson's  ratio  are  typically  assumed  in 
RAD  to  be  4,000,000  psi  and  0.15,  respectively,  when  calculating  the  radius  of  relative 
stififiiess  /.  The  only  remaining  variable  unaccounted  for  in  the  calculation  of 
is  the  concrete  thickness.  In  a  trial  and  error  process,  the  RAD  program  searched  for  the 
exact  concrete  pavement  thickness  which  satisfy  the  requirements  of  Eqn.  11.  This 
thickness  is  then  rounded  up  to  the  nearest  one-half  inch  to  obtain  the  design  thickness. 

The  Corps  rigid  pavement  design  procedure  also  provides  the  recommended  joint 
spacing,  dowel  diameter,  and  dowel  spacing  for  a  particular  design.  It  contains  provisions 
for  designing  pavements  over  subgrades  subject  to  weakening  under  fi-eezing  and  thawing 
conditions,  for  reinforced  concrete  pavement,  and  for  overlays  of  concrete  or  asphalt 
pavement  over  an  existing  concrete  pavement.  While  these  are  very  important  aspects  of 
the  pavement  design  procedure,  along  with  the  slab  thickness,  these  procedures  will  not  be 
covered  here  because  their  effect  was  not  included  in  the  reliability  portion  of  this  study. 

Review  of  the  Corps  of  Engineers  Fiexibie  Pavement  Design  Procedure 
using  the  Caiifornia  Bearing  Ratio  (CBR) 

The  CBR  Equation 

The  Corps  of  Engineers  CBR  design  procedure  is  much  more  empirically  based 
than  the  rigid  pavement  design  procedure,  in  that  it  depends  little  upon  calculations  of 
stress,  strain,  or  deflection  in  determining  the  pavement  thickness.  As  mentioned 
previously,  the  CBR  design  procedure  uses  the  CBR  of  the  subgrade,  subbase,  and  base 
course  layers  under  the  asphalt  concrete  to  characterize  the  strength  of  the  layers.  The 
CBR  design  equation  relates  the  total  thickness  t  of  material  required  to  protect  a 
subgrade  or  subbase  material  with  a  given  CBR  to  allow  it  to  withstand  5,000  coverages* 


*  A  coverage  for  flexible  pavements  occurs  when  all  points  on  the  pavement  surface  within  the  traffic  lane 
have  been  subjected  to  one  application  of  maximum  stress.  The  number  of  passes  required  to  accumulate 
one  coverage  is  called  the  pass  to  coverage  ratio  (p/c).  As  with  rigid  pavements,  the  p/c  varies  with 
channelized  and  non-chaimelized  traffic. 
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of  traffic  before  failure.  The  CBR  design  equation  was  developed  from  data  taken  during 
the  trafficking  of  a  series  of  flexible  pavement  test  sections  during  the  1940’s  through  the 
1970’s.  The  current  (cubic)  form  of  the  equation  is  given  below  (Ahlvin  1991); 


t  =  -0.0481- U562 


f 

f,  ( cbr\ 

f  /,  J 

^  CBR" 

log 

-  0.6414 

log - 

-0.473d  log 

<  Pe 

/ 

1  J, 

i  1 

^  Pe 

where; 


Eqn.  13 

t  =  thickness  required  to  cover  material  of  given  CBR  (using  material 
of  a  greater  CBR),  in. 

a  =  factor  relating  thickness  t  to  number  of  coverages  of  traffic  ■ 

A  =  contact  area  of  one  tire,  in.^ 

CBR  =  relative  strength  of  supporting  material,  percent 
Pe  =  equivalent  single-wheel  tire  pressure,  psi 
=  ESWL/A 

ESWL  =  equivalent  single  wheel  load,  lbs. 


The  equation  is  shown  graphically  in  Figure  9  superimposed  on  the  test  section  data.  The 
equation  line  separates  the  data  points  of  the  test  sections  which  had  failed  at  5,000  or  less 
coverages  from  the  data  points  of  the  test  sections  that  had  not  failed  by  the  end  of  the 
test. 


•  Failures 

o  Nonfailures  2,000  coverages  and  above 
□  Nonfallures  below  1,000  coverages 
A  Nonfallures  1 ,000  to  2.000  coverages 
A  Borderline 

- Cubic  Equation _ 

Figure  9.  The  CBR  design  equation  and  test  section  data 
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Adjusting  the  Thickness  for  Various  Traffic  Levels  (the  a  Curves) 

The  a  term  in  the  equation  was  developed  as  a  result  of  multiple-wheel  heavy  gear 
load  (MWHGL)  tests,  and  is  used  to  adjust  the  thickness  necessary  the  subgrade  for 
coverage  levels  (LCc)  other  than  5,000.  The  a  was  found  to  be  a  function  of  the  number 
of  wheels  in  the  critical  gear,  as  shown  in  Figure  10.  The  data  used  for  developing  the 
curves  in  Figure  10  were  used  to  obtain  sixth-order  regression  equations  of  the  form 

a  =  do+di(LCc)+d2(LCcf+d^(LCcf  +  d4(LCci^+ds(LCcf  +  d^(LCcf  Eqn-  14 

to  predict  a  for  a  given  LCc,  where  the  di  are  regression  constants  for  a  particular  number 
of  wheels.  The  results  of  the  regression  analysis  for  several  wheel  configurations  are  given 
in  Table  2.  Although  the  cubic  CBR  equation  (Eqn.  13)  was  developed  as  a  simplification 
of  two  earlier  forms  of  the  equation  representing  different  ranges  of  CBR//)*,  it  appears  to 
also  represent  the  best-fit  equation  passing  through  the  test  section  failure  data  for  5,000 
coverages  of  traffic  (Potter  1985)  when  the  appropriate  a  is  appUed  to  the  data,  as  shown 
in  Figure  11. 


o  Single  Wheel  a  Twin  Wheel  d  Twin  Tandem  a  12-Wheel 

“^1  Wheel  Curve  -^2  Wheel  Curve  4  Wheel  Curve  —6  Wheel  Curve 
‘—8  Wheel  Curve  -^12  Wheel  Curve  -<>-16  Wheel  Curve  -a- 24  Wheel  Curve 


Figure  10.  The  alpha  curves  for  flexible  pavement  design 
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Table  2.  Regression  Constants  for  Regression  Curve  Predicting  a  from  LCc 


Aircraft 

do 

di 

di 

d3 

d4 

ds 

<U 

i^(%) 

F-15 

0.1901 

0.2689 

-0.08039 

0.04451 

-0.01242 

0.001658 

-0.000086 

99.993 

C-130 

0.1808 

0.2749 

-0.08663 

0.04891 

-0.01544 

0.002286 

-0.0001265 

99.977 

C-141 

0.1763 

0.2302 

0.000364 

-0.01280 

0.003165 

-0.000302 

0.0000099 

99.973 

C-5A 

0.1409 

0.2641 

-0.0530 

0.01810 

-0.006568 

0.001088 

-0.0000063 

99.978 

0.001 


0.01 


CBR/p 


0.1 


Figure  11-  The  CBR  equation,  and  test  section  data  for  failures  at  5,000  coverages 
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The  Equivalent  Single  Wheel  Load  (ESWL)  Concept 

The  effective  tire  pressure  pe  provides  a  means  of  translating  the  effect  of  multiple 
wheel  gear  loads  into  an  equivalent  single  wheel  load  (ESWL).  The  ESWL  is  that  load 
applied  to  a  single  wheel  of  contact  area  A  that  would  cause  the  same  deflection  as  the 
aircraft  gear  load  (applied  to  several  wheels  with  contact  area  A)  at  any  particular  depth 
below  the  surface  of  the  pavement.  Therefore,  the  ESWL  is  a  function  of  the  gear 
configuration  as  well  as  the  depth  below  the  surface,  and  is  sometimes  expressed  as  a 
percentage  of  the  gear  load.  The  ESWL  has  been  calculated  for  several  aircraft  nging  a 
homogeneous,  isotropic,  linear  elastic,  half-space  model  representing  the  pavement  and 
subgrade;  the  ESWL  curves  for  the  C-130,  C-141,  and  C-5A  are  presented  in  Figure  12. 
Since  the  critical  gear  load  for  the  F-15  is  a  single  wheel,  the  ESWL  for  any  depth  is  100 
percent  of  the  actual  gear  load. 

The  ESWL  versus  depth  data  was  used  to  develop  a  fifth-order  multiple  linear 
regression  equation  to  predict  the  ESWL  for  any  depth  (/)  for  each  of  the  three  aircraft 
.  represented  in  Figure  12.  The  equation  takes  the  form: 

ESWIXyo)  =  Co  +Ci(/)+C2(/)^  +C3(0^  +^4(0^*  +cs(tf  Eqn.  15 


ESWL,  Percent  of  Main  Gear  Load 
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Figure  12.  ESWL  curves  for  C-130,  C-141,  and  C-5A 
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where  c,  are  the  regression  constants  and  the  t  is  the  depth  in  question  (in  inches).  Table  3 
contains  the  C/  and  regression  constants  for  several  aircraft.  The  ESWL(%)  is  expressed 
as  a  fraction  of  the  total  gear  load,  so  that  the  ESWL  may  be  determined  by  multiplying 
the  ESWL(%)  by  the  gear  load.  The  pe  is  then  calculated  by  diwding  the  ESWL  by  the 
contact  area.  A. 

Calculation  of  Design  Thicknesses  (t)  of  Flexible  Pavement  using  the  CBR  Equation 
The  thickness  calculated  from  Eqn.  13  represents  the  total  thickness  i  of  material 
(with  a  higher  CBR)  required  to  cover  the  material  represented  by  the  CBR  listed  in  the 
equation.  Since  the  pe  in  the  equation  is  a  feinction  of  t  (because  the  ESWL  is  a  function 
oft),  the  equation  must  be  solved  by  an  iterative  process  to  determine  t.  This  process  is 
continued  to  determine  the  thickness  to  cover  every  layer  of  material  above  and  including 
the  subgrade  (except  the  asphalt  concrete),  including  the  subbase  and  base  course  layers. 
The  thickness  of  the  subbase  and  base  course  layers  are  obtained  by  subtraction  of  the 
sequential  thicknesses  to  cover;  i.e.  if  39  inches  of  material  are  required  to  cover  a 
subgrade  CBR  of  3,  and  20  inches  are  required  to  cover  a  subbase  material  (resting  on  top 


Table  3.  Constants  for  Regression  Curve  Predicting  ESWL(%)  from  Thickness 

Aircraft 

Co 

Cl 

C2 

C4 

Cs 

C-130 

0.5457 

0.001476 

4.5781E-05 

1.3816E-06 

-3.1026E-08 

1.5E-10 

99.990 

C-141 

0.3232 

-0.00203 

7.0766E-04 

-1.5691E-05 

1.4014E-07 

-4.6026E-10 

99.999 

C-5A 

0.0700 

0.00053 

1.1664E-04 

-2.2753E-06 

2.1148E-08 

-7.9487E-11 

99.998 
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of  the  subgrade)  with  a  CBR  of  15,  then  the  subbase  thickness  is  39  -  20  =  19  inches. 
Minimum  thicknesses  of  the  base  course  and  asphalt  concrete  layer  are  required  depending 
upon  the  traffic  area,  the  critical  aircraft  gear  configuration,  and  the  base  course  CBR. 

Similar  to  the  ri^d  pavement  design  procedure,  the  CBR  design  procedure 
considers  various  traffic  areas  in  the  airfield  (Type  A,  B,  C,  and  D)  with  various 
assumptions  of  gear  load  and  wander  width  (and  therefore  p/c  ratios)  associated  with 
them.  The  p/c  ratios  for  flexible  pavements  are  often  different  than  those  for  rigid 
pavement,  due  to  the  difference  in  how  coverages  are  counted.  The  CBR  design 
procedure  also  contmns  provisions  for  designing  in  fi-ost  areas,  where  the  subgrade  soil 
may  become  weakened  during  fi'eezing  and  thawing  action;  however,  these  procedures  are 
not  covered  here  because  this  aspect  is  not  addressed  in  the  reliability-based  design 
procedures  developed  in  later  sections  of  this  report.  A  flexible  airfield  pavement  design 
computer  program  entitled  FAD  has  been  developed  which  uses  the  CBR  design 
procedures  outlined  above. 

Application  of  Reliability  Concepts  to  the  Coqjs  Rigid  and  Flexibie  Design 
Procedures 

Methods  of  Determining  the  Variance  of  the  Capacity  (V[LCc])  of  the  Pavement 

The  variance  of  the  capadty  of  the  pavement  system  V[C]  may  be  expressed  as  the 
variance  of  the  logarithm  of  coverages  of  traffic  until  failure,  or  V[LCc].  As  shown  in 
Eqn.  3,  the  determination  of  the  variability  of  the  capacity  V[C]  of  the  pavement  system 
(or  of  V[LCc])  depends  upon  the  determination  of  the  variability  of  the  design  parameters 
as  expressed  in  the  performance  equation.  An  estimation  of  V[LCc]  or  of  the  variance  of 
any  function  of  two  or  more  variables  can  be  determined  by  several  techniques,  including 
the  simulation  (Monte  Carlo)  method,  the  point  estimation  (Rosenblueth)  method,  and  the 
first-order  second-moment  (FOSM)  method  (Harr  1987).  A  brief  discussion  of  each 
method  follows. 

Monte  Carlo  Simulation 

In  the  Monte  Carlo  technique,  the  value  of  the  function  is  calculated  many  times 
fi'om  random  combinations  of  the  independent  variables  take  fi’om  a  specified  fi'equency 
distribution  (known  mean  and  variance)  for  each  of  the  independent  variables.  These 
calculated  dependent  variables  are  then  used  to  determine  the  mean  and  variance  of  the 
function.  The  advantage  of  this  technique  is  that  the  complete  probability  distribution  of 


22 


the  dependent  random  variable  is  obtained.  The  disadvantages  of  this  method  are  that  the 
distribution  of  the  dependent  variable  is  dependent  upon  an  assumed  (and  perhaps 
incorrect)  distribution  of  the  independent  variables  (Harr  1987).  Also,  many  repetitions  of 
calculations  are  needed  to  accurately  estimate  the  mean  and  variance  of  the  function.  The 
number  of  trials  necessary  to  estimate  the  frequency  of  the  function  of  m  independent 
variables  so  that  the  simulation  is  differs  no  more  than  e  from  the  estimated  value,  with  a 
(1-^)  degree  of  confidence,  can  be  determined  from  the  equation: 


N  = 


4e 


Eqn.  16 


where  h^  is  the  value  of  the  standard  normal  variate  with  area  in  the  tails 
(Harr  1987).  For  five  independent  variables,  an  error  of  1  percent,  and  a  degree  of 
confidence  of  99  percent,  the  number  of  required  trials  of  the  Monte  Carlo  simulation 
would  be  approximately  1.28  x  10^\  an  extraordinary  number  of  calculations  even  for 

today’s  computers. 


Point-Estimation  Method  (PEM) 

In  the  Rosenblueth  or  PEM  technique,  the  mean  and  variance  of  the  function 
F(x,  y)  are  estimated  from  combinations  of  the  means  of  the  independent  variables  x  andy 
plus  or  minus  the  standard  deviation  of  the  variable  (x  ±Gx,  yi  (Harr  1987).  This 
powerful  approximation  technique  can  also  consider  covariance  between  the  variables. 
Using  the  notation  F++  to  indicate  the  function  F(x,  y)  evaluated  zix+  Gxandy+  Gy,  F_ 
to  indicate  F(x,  y)  evaluated  aXx-  Gx  and  y  -  Gy,  etc.,  the  estimate  of  F  (or  (EfFJ)  can  be 
evaluated  from  the  equation: 

=  Eqn.  >7 

i=l  2 

where  p  is  the  covariance  between  x  and_y,  n  is  the  number  of  independent  variables,  and 
is  evaluated  for  every  combination  of  the  2“  permutations  of  the  means  and  standard 
deviations.  The  sign  of  p  is  determined  by  the  product  of  the  particular  set  of  positive 
and/or  negative  signs  (+)  for  that  particular  permutation;  for  instance,  p  would  be  positive 
fr)r  the  permutations  F++  and  F_,  and  p  would  be  negative  for  the  permutations  F+-  and 
If  the  covariance  is  zero,  then  the  first  portion  of  Eqn.  17  then  becomes  1/2  ,  if  the 
covariance  is  1,  then  the  combinations  containing  F+.  and  F.+  are  zero,  since  (1-1)  is  zero. 


23 


The  E[F^]  is  found  by  evaluating  Eqn.  17  with  the  square  of  instead  of  simply  F^.  The 
variance  of  the  function  V[F]  can  then  be  calculated  from  the  equation: 

V[F]  =  £[F^]-(E[F]f  Eqn.  18 

This  very  powerfiil  technique  can  be  used  even  if  the  distributions  of  the  independent 
variables  x  and_y  are  unknown,  and  even  the  F(x,  y)  is  not  continuous  or  is  generated  from 
some  open-form  or  iterative  analysis  technique,  such  as  the  finite  element  method.  All  that 
is  required  is  that  the  function  can  be  evaluated  at  all  the  combinations  of  (x  ±  CTx,  y  ±  CTy), 
that  CTx  and  CTy  are  known  (p  does  not  have  to  be  known,  but  is  usually  assumed  to  be  zero 
if  unknown).  In  order  to  obtain  E[F]  and  V[F],  the  function  is  evaluated  for  all  2” 
combinations  of/i  independent  variables,  which  is  typically  far  fewer  evaluations  than 
required  by  the  Monte  Carlo  simulation. 


First-Order  Second  Moment  (FOSM)  Method 

The  FOSM  provides  one  of  the  simplest  techniques  to  evaluate  the  mean  and 
variance  of  a  function,  provided  it  is  continuous  over  the  range  of  independent  variables 
being  considered.  Witczak  et.  al.  (1983)  used  this  method  in  an  analysis  of  the  reliability 
of  the  Corps  of  Engineers  rigid  pavement  design  procedure.  The  method  makes  use  of  the 
first-order  Taylor  series  expansion  of  the  function  F(x,y)  about  the  expected  values  of  the 
variables  (x  and  y)  to  obtain  the  expected  value  E[F(x,y)]  and  variance  V[F(x,y)]  of  the 
fiinction  (Harr  1987): 


V[F(x,y)]  = 


E[F(x.y)]-F(x.y) 

.2 


Eqn.  19 


V[x]  + 


dFY 

dy) 


V[yJ  +  2\ 


dF 


dx){dy 


dF 


cov[x,y] 


Eqn.  20 

The  last  term  in  Eqn.  20  allows  consideration  of  the  covariance  of  x  and_y 
(cov[x,  j/].  This  term  is  typically  assumed  to  be  zero  if  the  variables  are  assumed  to  be 
independent  of  each  other. 

The  evaluation  of  the  partial  derivatives  is  the  most  difficult  aspect  of  the  FOSM, 
especially  if  the  function  is  complicated.  However,  once  the  derivatives  are  determined, 
this  method  offers  the  simplest  and  quickest  method  of  determining  the  reliability  of  a 
pavement  system,  since  the  estimate  and  variance  of  the  pavement  capacity  is  calculated 
with  simple  closed-form  equations. 
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Review  of  Reliability-Based  Pavement  Design  Methods 
The  U.S.  Air  Force  Study 

The  U.S.  Air  Force  recently  undertook  a  study  in  which  the  Monte-Carlo 
simulation  technique  was  used  along  with  an  elastic-layer  analysis  technique  for  computing 
the  reliability  of  flexible  pavement  systems  (Sues  et.  al,  1993).  The  procedure  features 
nested  loops  of  simulation  in  which  the  inner  loop  uses  stratified  sampling  to  consider 
different  loading  conditions  during  the  pavement  life,  while  the  outer  loop  is  a  direct 
simulation  where  each  trial  represents  the  entire  pavement  lifetime.  The  variable 
components  of  the  outer  loop  include  environmental  and  load  variation  by  generating 
random  values  for  the  fi’action  of  passes  applied  to  the  pavement  for  each  aircraft,  and  the 
pass-fi'actions  for  each  aircraft  load  state,  discrete  lateral  distribution  of  the  traffic,  and 
pavement  material  characteristics  for  a  particular  environmental  condition.  Damage  is 
accumulated  by  weighting  the  damage  for  each  pass-fi’action  and  using  the  Miner’s 
hypothesis  to  determine  failure.  A  final  distribution  of  pavement  response  and  pavement 
reliability  is  obtained  at  the  end  of  the  outer  loop  calculations. 

The  AASHTO  Design  Procedure 

The  AASHTO  design  procedure  incorporated  reliability  concepts  in  1986 
(AASHTO  1986).  In  this  procedure,  reliability  is  defined  as  the  probability  that  the 
pavement  will  last  as  long  (in  terms  of  passes  of  equivalent  single  axle  loads,  or  ESAL’s) 
as  it  was  designed  to.  The  AASHTO  procedure  uses  a  version  of  the  “safety  margin 
technique  outlined  in  the  previous  section  as  a  basis  for  defining  the  reliability  of  a 
pavement  system.  The  capacity  of  the  pavement  system  is  determined  from  the  AASHTO 
design  procedure  and  the  demand  is  assumed  to  vary  between  one-half  to  over  two  times 
the  predicted  demand.  The  capadty  and  demand  are  assumed  to  be  log-normal 
distributions  of  the  traffic.  The  failure  condition  is  defined  as  a  terminal  serviceability 
quantified  by  the  pavement  serviceability  index  (PSI).  The  PSI  is  an  objective  measure  of 
the  ability  of  the  pavement  to  carry  the  design  traffic,  and  depends  primarily  upon  the 
roughness  of  the  pavement  and  cracking  of  the  pavement.  On  a  scale  of  0  to  5,  the 
terminal  serviceability  is  typically  selected  as  1.5  to  2.5.  The  selection  of  an  optimum  level 
of  reliability  for  a  particular  design  is  based  upon  the  reliability  level  which  yields  the 
lowest  combination  of  present  values  of  the  initial  costs  (construction  costs)  and  the  future 
costs  (maintenance,  user  delays,  rehabilitation,  etc.)  (Figure  13). 


25 


Figure  13.  AASBTTO  procedure  for  selecting  optimum  reliability 


U.S.  Army  Studies 

Several  studies  have  been  completed  over  the  past  20  years  (Kennedy  et.  al.  1975, 
Hudson  et.  al.  1975,  Brown  1975,  Witczak  et.  al.  1983,  Potter  1985)  that  have  reviewed 
pavement  material  variability  or  presented  pavement  reliability  concepts  for  the  U.S.  Army 
or  Federal  Aviation  Administration  (FAA)  design  procedures.  A  brief  review  of  each 
study  follows. 

Kennedy  et.  al.  (1975)  presented  the  types  and  distributions  of  variability  of  both 
rigjd  and  flexible  pavement  materials,  including  portland  cement  concrete,  asphalt 
concrete,  black-base  and  asphalt-treated  materials,  cement-treated  materials,  lime-treated 
materials,  and  untreated  subgrade  soils.  The  variability  data  was  derived  primarily  firom 
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quality  control  data  or  samples  of  in-situ  highway  and  airport  pavements.  The  data 
included  density,  indirect  tensile  strength,  compressive  strength,  flexural  strength,  modulus 
of  elasticity,  slump,  air  content,  and  slab  thickness  of  portland  cement  concrete;  and 
density,  percent  compaction,  indirect  modulus  of  elasticity  and  Poisson’s  ratio  of  asphalt 
concrete  pavement.  The  report  also  discussed  sources  of  pavement  design  variability, 
including  spatial  variability  of  pavement  material  properties  along  the  pavement,  the 
variation  between  design  and  actual  material  parameters,  and  variation  due  to  lack-of-fit  of 
the  design  models. 

Hudson  (1975)  reviewed  pavement  reliability  concepts  and  how  they  are  applied  to 
highway  pavements,  based  upon  the  results  of  the  AASHTO  Road  Tests  and  the  Flexible 
Pavement  Design  System  (FPS)  computer  program.  Hudson  reviewed  sources  of 
variability  in  pavement  design,  how  this  variability  can  be  translated  to  a  reliability  of  a 
pavement  system,  and  how  a  level  of  reliability  for  a  pavement  system  can  accurately  be 
selected. 

Brown  (1975)  outlined  a  plan  for  applying  statistical  quality  control  procedures  for 
airport  pavement  construction.  In  his  plan,  the  variability  of  pavement  material 
characteristics  that  would  be  used  in  a  quality  control  procedure  were  presented  based 
upon  past  construction  data  at  30  airfields.  This  data  included  air  content,  slump,  and 
flexural  strength  of  portland  cement  concrete,  and  gradations,  asphalt  content,  and  density 
of  asphalt  concrete  mixtures. 

Witczak  et.  al.  (1983)  developed  reliability-based  design  procedures  based  upon 
the  Corps  of  Engineers  rigjd  pavement  design  procedure  using  both  the  Westergaard  edge 
stress  equation  and  elastic-layer  theory  for  calculating  stresses  in  slabs.  Witczak 
summarized  the  variability  of  several  pavement  design  parameters  as  researched  from 
other  sources  in  the  literature,  including  those  for  the  slab  thickness,  modulus  of  elastidty, 
Poisson’s  ratio,  and  flexural  strength  of  concrete  pavements;  and  the  thickness,  dynamic 
modulus,  flexural  stffiiess,  and  Poisson’s  ratio  of  asphalt  concrete  layers.  Witczak  used 
the  FOSM  techiuque  for  characteii2ang  the  variance  of  the  design  factor  equation  due  to 
variance  in  the  design  parameters,  and  described  the  reliability  of  the  pavement  system  as 
the  probability  that  the  DFdesign  is  greater  than  the  DF allowable-  He  also  conducted  a 
Monte-Carlo  simulation  with  300  runs  to  compare  to  the  FOSM  results;  the  results  for  the 
mean  and  variance  of  the  DFallowable  using  each  technique  were  both  within  3  percent  of 
each  other. 
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Potter  (1985)  examined  the  Corps  of  Engineers  CBR  design  procedure  to 
determine  the  fit  of  the  cubic  CBR  equation  to  the  test  section  data  used  in  deriving  the 
curve.  Potter  determined  that  the  cubic  equation  apparently  was  not  developed  to  be  a 
least-squares  regression  through  the  failure  data  (at  5,000  coverages  of  traffic),  but  a 
simplified  combination  of  two  previous  curves  which  were  developed  for  different  ranges 
of  CBR//?e  (less  than  and  greater  than  CBR/pe  of  0.22).  When  Potter  compared  the  cubic 
equation  to  the  test  section  data  (all  representing  failures  at  5,000  coverages)  that  had 
been  used  in  developing  the  a  curves,  he  found  that  the  cubic  equation  appeared  to  fit 
through  the  mid-range  of  the  data.  From  this  observation,  he  concluded  that  the  reliability 
of  the  CBR  flexible  pavement  design  model  is  about  50  percent. 

The  approach  similar  to  the  AASHTO  (1986)  design  procedure  and  Witczak’s 
approach  (1983)  was  used  in  the  development  of  the  reliability-based  design  procedures 
presented  in  this  report. 

Applicability  of  Statistical  Methods  to  the  Coips  of  Engineers  Design 
Procedures 

Investigation  of  Statistical  Parameter  Assumptions 
Type  of  Distribution 

Neither  the  Monte  Carlo,  FOSM,  nor  the  PEM  techniques  for  determining  the 
expected  value  (mean)  and  variance  of  a  fimction  of  several  independent  variables  specify 
what  type  of  distribution  the  independent  variables  must  have.  The  only  information  that 
is  required  of  the  methods  is  that  the  mean  value  and  variance  of  the  distribution  is  known, 
regardless  of  the  distribution.  The  selection  of  a  fi'equency  distribution  for  the  input 
variables,  then,  should  be  based  upon  observation  of  actual  data  to  determine  which 
distribution  (normal,  WeibuU,  uniform,  beta,  etc.)  best  characterizes  the  data  set.  Most 
pavement  reliability  techniques  investigated  for  this  report  assume  that  the  variation  of  the 
pavement  design  parameters,  such  as  concrete  flexural  strength  or  CBR  of  subgrade,  may 
be  described  adequately  by  the  normal  distribution  (with  the  exception  of  design  traffic 
passes  or  coverages,  which  assume  a  log-normal  distribution).  The  normal  distribution  fits 
in  well  with  the  Monte  Carlo,  FOSM,  or  PEM  techniques,  because  it  also  requires  that 
only  the  mean  and  variance  of  the  data  be  known  to  describe  the  entire  fi'equency 
distribution. 
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Harr  (1987)  points  out  that,  although  the  normal  distribution  may  adequately 
characterize  the  distribution  of  most  pavement  design  parameters,  its  use  can  lead  to 
(somewhat  unlikely)  instances  of  creating  an  impossible  situation,  such  as  a  negative 
flexible  pavement  thickness.  For  instance,  if  the  mean  of  the  thickness  is  very  small  (say 
one  inch)  and  the  coefl&cient  of  variation  CV  is  large  (say  50  percent),  and  if  the  thickness 
is  assumed  to  be  normally  distributed,  the  pavement  has  a  2.3  percent  chance  of  having  a 
negative  thickness,  which  is  an  obviously  impossible  situation.  He  recommends  the  beta 
distribution  be  used  for  defining  pavement  material  variability,  which  requires  that,  in 
addition  to  the  mean  and  variance,  the  maximum  and  minimum  values  of  the  parameter  be 
known.  This  information  describes  the  complete  distribution  of  the  function,  and 
eliminates  the  sometimes  untenable  situation  of  predicting  a  negative  thickness. 

Independence  of  Variables 

The  Monte  Carlo,  FOSM,  and  PEM  techniques  consider  the  possibility  that  the 
variables  used  to  determine  the  value  of  a  fimction  may  be  related  to  each  other;  i.e.  the 
correlation  coefficient  (or  covariance)  between  any  of  the  variables  may  be  some  value 
other  than  one.  The  correlation  coefficient  is  sometimes  (usually)  assumed  to  be  zero, 
which  typically  serves  to  reduce  the  total  variance  of  the  function  (if  the  correlation  is 
positive),  which  in  turn  may  result  in  higher  estimations  of  rehability  than  actually  exist. 
The  opposite  effect  occurs  if  the  correlation  coefficient  is  negative.  Although  these  effects 
are  recognized  in  the  reliability  analysis  techniques  reviewed  earlier,  they  are  usually 
ignored. 
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Part  li:  Identification  of  Design  Parameters 


Rigid  Pavement  Design  Procedure 

Identification  of  Pavement  Design  Parameters 

The  Corps  of  Engineers  rigid  pavement  airfield  design  procedure  using  the 
Westergaard  edge  stress  equation  uses  the  90-day  flexural  strength  R,  the  modulus  of 
elasticity  E,  and  the  Poisson’s  ratio  ii  of  the  concrete;  the  modulus  of  subgrade  reaction  k 
of  the  foundation  material;  the  load  transfer  LT;  and  the  gear  load  P  in  determining  the 
design  factor  (DFallowable  )  and  ultimately  the  capacity  of  the  pavement  LCc-  The  Corps 
CBR  flexible  pavement  design  procedure  uses  the  CBR  of  the  subgrade,  the  subbase,  and 
the  base;  the  effective  tire  contact  pressure  pe  and  contact  area  A',  and  the  gear  load  P  in 
determining  the  required  thickness  of  flexible  pavement  to  cover  the  subgrade.  The  design 
passes  used  in  determining  the  demand  log  coverages  until  failure  LCd  is  the  same  for  both 
the  rigid  and  flexible  design  procedures;  the  difference  in  determining  the  LCd  for  the  rigid 
and  flexible  pavement  design  methods  is  the  different  pass  to  coverage  ratios  p/c  for  rigid 
and  flexible  pavements  for  a  particular  aircraft.  The  variability  of  the  pavement  design 
parameters  was  found  in  several  sources  of  Uterature,  and  are  presented  in  the  following 
paragraphs. 

Variability  of  Design  Parameters  —  Rigid  Pavements 

Since  the  variance  of  a  parameter  or  variable  x  is  simply  the  square  of  the  standard 
deviation  of  the  parameter,  the  variance  may  be  estimated  from  the  mean  x  and  coefficient 
of  variation  (CV)  for  the  parameter,  since  the  C  V  is  the  standard  deviation  divided  by  the 
mean  of  the  parameter  (usually  expressed  as  a  percentage);  i.e. 

V[xJ  =  (CVxx)^  Eqn.21 

The  coefficient  of  variation  is  a  common  way  of  expressing  the  variability  of  design 
parameters  in  engineering,  such  as  the  design  parameters  R,  LT,  h,  and  k.  Table  4  contains 
common  CVs  for  R,  h,  LT,  and  k  for  concrete  pavements  as  found  in  the  literature. 

Concrete  Flexural  Strength 

For  the  examples  cited  in  the  Uterature,  the  CV  for  28-day  flexural  strength  (K) 
ranges  from  about  4  to  15  percent.  The  CV  for  the  90-day  flexural  strength  is  probably 
also  in  this  range,  perhaps  lower.  A  CVr  of  concrete  pavement  mixtures  of  less  than  10 
percent  is  considered  exceUent  quaUty  control  (Witczak),  10  to  20  percent  good  control. 
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Table  4.  Variability  of  Rigid  Pavement  Design  Parameters 


Design 

Parameter 


28-day  flexural 
strength:  airflelds 
(psi) 


Thickness  of 
PCC:  BBghways 
Cm.) 


Number 
of  Tests 


Source 


Kennedy 

(1975) 


Remarks 


781 

7.8 

582 

719 

5.1 

146 

862 

9.6 

312 

753 

9.3 

101 

774 

4.4 

82 

734 

3.5 

26 

739 

8.9 

735 

828 

14.7 

67 

688 

5.8 

16 

840 

8.1 

82 

717 

8.4 

8 

Brown  (1975) 


Thickness  of  PCC: 
Airfield  Pavements  (in. 


*  Values  in 
parenthesis  are 
design 
thicknesses 
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Table  4.  Variability  of  Rigid  Pavement  Design  Parameters  (cont) 


Design 

Parameter 


Modulus  of  Subgrade 
Reaction  (k):  Opci) 

Subgrade 

Subbase 


Subgrade |  100 


Load  Transfer  (LT); 
(percent) 

Dowelled  Construction 
Dowelled  Expansion 
Contraction 
Keyed  Joint 

Randolph  AFB:  Cold 
Transverse  Contraction 
Longitudinal  Cont 
Long.  Contraction  Tied 
Longitudinal  Keyed 
Long.  Cont  Dowelled 
Long.  Dowelled 

Sheppard  AFB:  Warm 
Transverse  Contraction 
Trans.  Cont  Dowelled 
Trans.  Cont  Tied 
Longitudinal  Cont 
Longitudinal  Keyed 
Long.  Cont  Dowelled 
Longitudinal  Dowelled 


17.6  to  20.4 


17.4 


25.510  27 


13.9  to  15.6 


21.2 


19.3 


30  to  32.9 


37.8 


6.9  to  16.1 


33J  to  51.9 


9.9 


9.3 


10.6  to  25.2 


26.6 


24.7 


13.6 


13.7  to  21.8 


30.7 


28.5 


8.7  to  29.9 


1L8 


34.9 


11.9 


21.5  to  47.4 


3.5 


16.2 


Number 
of  Tests 


Source 


Remarks 


62.2 

13.2 

18 

71.6 

13.9 

15 

30.6 

38 

30.5 

24.4 

37.2 

19.2 

25.4 

41.4 

Treybig 

(1970) 


Rollings  (1987) 


Hammons 

(1995) 


“Cold”  refers  to 
winter  conditions; 
“warm”  refers  to 
summer  conditions 


and  greater  than  20  percent  poor  quality  control.  From  this  data,  the  quality  control  for 
the  concrete  flexural  strength  appears  to  be  very  good. 

It  should  be  pointed  out  that  the  Corps  of  Engineers  specifications  for  concrete 
pavement  construction  (Department  of  the  Army  1987)  state  that  only  2  out  of  10 
individual  flexural  strength  test  results  may  be  lower  than  the  design  strength  wdthout 
penalties.  If  it  is  assumed  that  the  concrete  pavement  strength  is  normally  distributed,  this 
would  mean  that  the  mean  strength  of  the  concrete  in  place  would  need  to  be  at  least  0.84 
X  CVrX  i?  greater  than  the  design  flexural  strength  R  so  that  no  penalties  would  be 
incurred.  For  a  design  strength  of  650  psi  and  a  CVr  of  15  percent,  the  mean  in-place 
flexural  strength  would  need  to  be  at  least  732  psi. 

Concrete  pavement  thickness 

The  CV  for  concrete  pavement  thickness  (h)  is  not  as  commonly  reported  in  the 
literature;  values  of  about  3  to  8  percent  were  found  for  conventional  concrete  highway 
and  airfield  pavements.  The  concrete  pavement  thickness  also  tended  to  be  slightly  larger 
than  the  specified  design  thickness,  perhaps  due  to  severe  penalties  imposed  in 
specifications  for  inadequate  pavement  thickness.  The  mean  actual  thickness  being  larger 
than  the  design  thickness  would  result  in  a  greater  reliability  for  a  given  design,  even 
though  quanti^dng  this  effect  for  a  given  pavement  structure  would  be  difficult  to  do 
during  the  design  process. 

Modulus  of  subgrade  reaction 

The  CV  of  the  modulus  of  subgrade  reaction  (k)  determined  fi'om  plate  load  tests 
varied  fi'om  13  to  16  percent  in  the  literature.  The  backcalculated  k  value  fi'om  elastic- 
layer  analysis  of  defection  basin  data  using  non-destructive  testing  eqmpment  has 
suggested  that  the  in-place  CVr  may  actually  be  much  higher;  results  fi'om  tests  under 
roller-compacted  concrete  (RCC)  pavements  have  suggested  that  the  CVr  may  range  fi'om 
9  to  40  percent  (Pittman  1994). 

Load  transfer 

Rollings  (1987)  suggests  that  the  CVlt  of  several  concrete  pavement  joint  types 
may  range  fi'om  24  to  41  percent.  Hammons  et.  al.  (1995)  suggests  that  the  CVlt  may 
range  fiom  3  to  52  percent,  depending  on  the  joint  t5rpe  and  pavement  temperature.  It 
should  be  noted  also  that  the  25  percent  load  transfer  assumption  in  the  rigid  pavement 
design  procedure  was  not  reflected  in  the  mean  load  transfer  results  obtained  by  non- 
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destructive  techniques  for  several  joint  types  (Hammons  1995),  especially  in  cold  weather 
conditions.  If  the  mean  load  transfer  of  25  percent  is  not  obtained  as  assumed  in  the 
design  procedure,  the  reliability  of  the  pavement  is  significantly  reduced.  However,  as 
with  the  concrete  pavement  thickness,  this  knowledge  is  not  readily  available  during  the 
design  process;  an  evaluation  of  the  load  transfer  after  the  pavement  is  constructed  would 
allow  a  more  accurate  analysis  of  the  reliability  of  the  pavement  system. 

Variability  of  Design  Parameters  —  Flexible  Pavements 

The  CV  of  several  flexible  pavement  design  parameters,  including  the  CBR  of  the 
subgrade,  subbase,  and  base;  the  asphalt  concrete  pavement  layer  thicknesses;  and  the  tire 
pressure  (of  trucks)  was  found  in  the  literature.  Table  5  contains  the  results  of  the 
literature  survey;  a  brief  discussion  of  these  results  follows. 

CBR 

The  CV  of  the  in-place  CBR  was  available  from  several  literature  sources,  and 
tended  to  vary  depending  upon  the  layer  in  question;  the  subgrade,  subbase,  or  base 
course.  The  CVcbr  of  the  subgrade  varied  from  18  to  35  percent;  for  the  subbase,  9  to  37 
percent;  and  the  base,  20  to  38  percent.  Part  of  the  variability  may  be  due  to  the  difiSculty 
of  obtaining  the  CBR  of  granular  materials,  since  the  strength  of  granular  materials 
depends  upon  the  confining  stress,  and  the  determination  of  the  in-situ  CBR  requires  at 
least  a  temporary  release  of  the  confining  stress  while  a  test  pit  is  excavated.  The  high 
variability  of  the  strength  of  the  in-situ  materials,  particularly  the  subgrade,  is  not  entirely 
surprising,  however,  considering  the  variation  in  types  of  subgrade  materials  found  under 
an  entire  pavement  system,  and  the  variability  of  the  degrees  of  compaction  received  from 
point  to  point.  The  CVcbr  is  of  the  same  order  of  magnitude  as  that  found  for  the  CVt, 
which  lends  consistency  to  this  logic. 

Asphalt  pavement  layer  thickness 

The  CV  of  asphalt  pavement  layer  thicknesses  tended  to  be  somewhat  larger  than 
those  obtained  for  concrete  pavement  thickness,  ranging  from  4  to  12  percent  (asphalt 
concrete  plus  asphalt  stabilized  base).  The  CV  of  the  base  course  thickness  was  reported 
as  12  percent,  and  for  the  subbase,  15  percent.  This  reflects  the  amount  of  effort  taken  to 
control  these  thickness  during  the  construction  process;  the  subbase  layer  must  also 
smooth  out  any  deviations  in  the  subgrade  surface,  the  base  smoothes  out  deviations  in  the 
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Table  5.  VariabUity  of  Flexible  Pavement  Design  Parameters 


Design 

Parameter 

Mean 

Coefficient  of 
Variation 
(CV) 
(Percent) 

Number 
of  Tests 

Source 

CBR 

Paterson 

(1979) 

Subgrade 

NA 

35 

8  lots 

NA 

20 

Subbase 

NA 

22 

12  lots 

NA 

8.6 

Subgrade 

1.14 

27.5 

18 

National 

Research 

Council 

(1962) 

1.445 

27.5 

11 

Subgrade 

Subbase 

Base 

Base 

Subbase 

Subgrade 

7.1 

22J 

33 

Yoder 

(1975) 

4.2 

21.4 

33 

18.2 

26.2 

7 

7.8 

17.9 

7 

26.3 

31.9 

33 

20.3 

36.9 

33 

94.3 

37.6 

72 

NA 

20 

NA 

Noureldon 

(1994) 

NA 

20 

NA 

NA 

20 

NA 

Asphalt  Pavement 
Thickness  (in.) 
Asphalt  Concrete 
Asphalt  Base 
Granular  Base 
Granular  Subbase 

Asphalt  Concrete 
and  Stabilized 
Base 

Noureldon 

(1994) 

NA 

mikimim 

NA 

NA 

NA 

NA 

NA 

NA 

:  NA 

21.66 

3.5 

NA 

Attoh-Okine 

7.37 

11.8 

NA 

14.32 

1.7 

NA 

10.91 

9.5 

NA 

12.46 

7.1 

NA 

Tire  Pressure  (Trucks): 
(psi) 

Radial  Tires 
Bias  Hres 

Middleton 

(1986) 

94.6  to  99.8 

12  to  17 

17  to  730 

78  to  95 

12  to  20 

11  to  265 

Remarks 


**NA**  indicates 
data 

not  available 


subbase  surface,  and  the  asphalt  concrete  layer  smoothes  out  deviations  in  the  base  course 
surface. 

An  interesting  observation  was  made  by  Darter  et.  al.  (1973)  that  spoke  to  the 
effect  of  contracting  practices  on  the  thickness  of  the  asphalt  concrete  pavement  layer. 

The  contractor  tends  to  keep  the  asphalt  concrete  layer  to  a  minimum  if  the  materials  are 
paid  for  by  the  square  yard,  minimizing  the  cost  to  the  contractor  and  increasing  profits.  If 
the  materials  are  paid  for  by  the  ton,  the  asphalt  pavement  layer  tends  to  be  thicker, 
increasing  the  payment  per  square  yard  and  again  increasing  profits  for  the  contractor.  A 
thinner  asphalt  pavement  would  reduce  the  reliability  of  the  pavement,  all  other  factors 
being  equal,  while  a  thicker  pavement  would  have  the  opposite  effect. 

Tire  pressure 

No  information  on  the  CV  of  tire  pressure  for  aircraft  was  found  in  the  literature. 
However,  a  study  to  determine  the  effects  of  truck  tire  pressure  on  highway  pavement 
performance  revealed  that  the  CVp  ranged  fi'om  12  to  17  percent  for  radial  tires  and  12  to 
20  percent  for  bias-ply  tires.  Assuming  that  aircraft  receive  a  higher  degree  of 
maintenance  than  the  typical  tractor-trailer  truck,  and  that  the  tolerance  specifications  for 
aircraft  tire  pressure  during  maintenance  is  at  most  10  percent  of  the  average  tire  pressure, 
then  this  range  of  CVp  is  probably  higher  than  that  for  ^craft. 

Variability  of  Aircraft  Load  Magnitude  and  Repetitions  of  Load 

An  estimate  of  the  variability  of  the  magnitude  of  aircraft  loads  was  not  found  in 
the  literature.  The  rigid  pavement  and  CBR  design  procedures  assume  that  the  ^craft  is 
at  maximum  take-off  weight  for  each  repetition  of  aircraft  load.  This  is  a  very 
conservative  assumption,  considering  that  the  aircraft  loses  some  fuel  weight  during  flight 
and  therefore  lands  at  a  lower  weight  than  takeofi^  and  that  the  aircraft,  particularly  for 
trailing  exercises,  is  probably  not  loaded  to  capadty  weight  for  each  operation  of  the 
aircraft.  Therefore,  estimates  of  the  variability  of  aircraft  weight  were  made  based  upon 
the  range  between  the  maximum  take-off  weight  and  the  basic  mission  take-off  weight,  as 
reported  by  Holliway  (1988).  These  weights  for  four  aircraft  are  given  in  Table  6.  If  it  is 
assumed  that  the  basic  mission  take-off  weight  is  the  average  weight  of  the  aircraft  during 
operation  of  the  aircraft,  and  that  the  weight  of  the  mrcraft  over  many  operations  is 
normally  distributed,  then  the  range  between  the  average  and  maximum  take-off  weights 
represents  three  standard  deviations  of  take-off  weight.  Therefore  an  estimate  of  the  CV 
of  the  takeoff  weight  can  be  found  by  dividing  the  difference  in  the  basic  mission  and 
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Table  6.  Estimation  of  Variability  of  Aircraft  Loads 

Aircraft 

Weights  (lbs) 

(from  Holliway  1988) 

Range 

abs) 

Estimated 
Standard 
Deviation  Obs) 

Estimated 

CV 

(percent) 

Maximum 

Takeoff 

Basic 

Mission 

F-15E 

81,000 

60,600 

20,400 

10 

C-130E 

155,000 

4 

C-141 

270,000 

17,667 

6 

C-5A 

706,600 

3 

rnayimiim  take-ofif  weights  by  three,  and  dividing  that  dividend  by  the  basic  mission 
(average)  weight.  This  approximation  lead  to  CVp’s  ranging  from  3  to  10  percent, 
depending  upon  the  type  of  aircraft.  These  estimates  are  likely  on  the  low  side  of  the  true 
CVp  for  an  aircraft,  considering  the  number  of  applications  of  traffic  during  which  the  fiiel 
tanks  are  almost  empty  (landing  aircraft)  and  therefore  the  weight  is  even  less. 

An  estimate  for  the  CV  of  the  design  passes  or  coverages  (LCd)  was  also  difficult 
to  obtain  for  aircraft.  The  AASHTO  design  procedure  assumes  that  the  variance  of  the 
difference  between  the  actual  and  predicted  (or  design)  logarithm  of  passes  of  ESAL 
traffic  is  about  0.194  for  flexible  pavements  and  0.114  for  rigid  pavements.  This  translates 
to  a  CV  of  predicted  design  passes  (CVdp)  of  about  275  percent  for  a  flexible  pavement, 
or  a  CVdp  of  about  220  percent  for  a  ri^d  pavement.  These  estimates  of  the  variability 
are  likely  higher  than  that  experienced  with  military  airfields,  since  the  traffic  on  airfields  is 
controlled  to  a  certain  extent  by  air  traffic  controllers  and  mission  requirements. 

However,  the  difference  in  the  predicted  and  actual  LCd  is  likely  to  be  high,  due  to  factors 
unknown  to  the  designer  predicting  the  LCd,  such  as  changing  mission  requirements  or  the 
development  of  new  aircraft. 
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Suggested  Levels  of  Variability  of  Pavement  Design  Parameters 

Table  7  lists  a  range  of  coefficients  of  variation  (CV’s)  that  appeared  to  be  most 
representative  of  those  found  in  the  literature.  These  values  were  used  in  a  sensitivity 
analysis  of  the  reliability-based  design  models,  which  are  presented  in  later  sections  of  this 
report. 


Table  7.  Suggested  Levels  of  Variability  of  Design  Parameters 

Design  Parameter 

Coefficient  of  Variation 

(CV),  percent 

Low 

Medium 

Eia 

Rigid  Pavements 

1.  Load  Magnitude,  P  (lbs) 

5 

10 

15 

2.  Design  Passes,  Z)P 

10 

50 

90 

3.  Thickness  of  PCC,  h  0n.) 

2 

5 

8 

4.  28-day  Flexural  Strength, /?  (psi) 

10 

15 

5.  Modulus  of  Subgrade  Reaction,  k  (pci) 

10 

25 

40 

6.  Load  Transfer,  LT  (percent) 

10 

25 

■1 

Flexible  Pavements 

1.  Load  Magnitude,  P  (lbs) 

5 

10 

15 

2.  Design  P^ses,  DP 

10 

60 

110 

3.  Thickness  of  Flejdble  Pavement  (AC+Base+Subbase),  t  On.) 

5 

10, 

15 

4.  CBR  (percent) 

15 

25  ' 

35 

5.  Tire  Pressure,  p  (psi) 

10 

15 

20 
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Part  III:  Development  of  Reliability-Based  Design  Procedures 


Reliability-Based  Design  Procedure  for  Rigid  Airfield  Pavements 

Because  the  performance  equation  for  rigid  pavements  is  expressed  as  a  function 
that  is  continuous  over  the  range  of  independent  variables  normally  considered  in  design, 
the  first-order  second  moment  (FOSM)  procedure  was  selected  as  the  means  of 
determining  the  variance  of  the  log  coverages  until  failure  (or  the  capacity  (LCc  ))  of  the 
pavement  system  (or  V[LCc])  in  terms  of  the  design  input  variables.  The  first  step  in  this 
process  is  to  express  the  design  factor  versus  LCc  equation  (Eqn.  10)  in  terms  of  LCc ,  as 
follows; 

LCc  =  0.004it- 2.8  Eqn.  22 


where  the  terms  are  described  in  Eqn.  10.  From  the  FOSM  procedure,  the  expected  value 
E[LCc  ]  and  the  variance  V[LCc]  of  the  LCc  can  be  determined  by  appljdng  Eqns.  19  and 
20  to  Eqn.  22  as  follows; 


E[LCc]  =  -2.S+ 


4xR 


+  ai  ln(/) + a2(ln(/)f  j 


(l-LTi 


+  0.004A:  Eqn.  23 


V[LCc]  = 


JdLCc 


V  dR 


V[P] 
Eqn.  24 


For  the  purpose  of  developing  the  reliability  model  for  rigid  pavements,  the 
variances  of  the  concrete  flexural  strength  (R),  the  load  transfer  (LT),  the  pavement 
thickness  (h),  the  modulus  of  subgrade  reaction  (A),  and  the  load  (P)  were  considered  to 
be  the  most  critical  in  evaluating  the  variance  of  LCc,  since  their  influence  in  the 
calculation  of  the  design  stress  and  the  design  factor  is  most  pronounced.  The  influence  of 
the  variances  of  the  concrete  modulus  of  elasticity  (fi^)  and  the  Poisson's  ratio  (ji)  were 
considered  negligible  in  the  calculation  of  VfLCcJ,  since  their  influence  is  minor  in  the 
calculation  of  the  design  stress  ~  their  values  are  often  approximated  in  the  calculation  of 
the  design  stress.  For  this  reason,  the  variances  of  and  fi  are  ignored  in  the  calculation 
of  VlLCcJ.  Also,  if  the  variables  R,  LT,  h,  P,  and  k  are  considered  independent  of  each 
other,  then  the  covariance  of  these  variables  is  zero,  and  the  last  term  of  Eqn.  20  is  zero. 
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The  assumption  that  these  variables  are  independent  was  considered  reasonable  for 
purposes  of  this  analysis. 


The  partial  derivatives  in  Eqn.  24  are  expressed  as  follows: 

dLCc  _  4h^ 

dR  P(l-LT){ao  +  ai  ]n(l)+ a2Ml)f) 

dLCc  _ 4^ _ 

dLT  P(l-Lrf(ao  +  ailn(/)+a2(ln(/))2) 


Eqn.  25 


Eqn.  26 


dLCc 

dh 


4Rh 

,  (0.75a, +  L5a2ln(/)) 

P(I-LrXao+ai  Ii>(0+a2(ln(/))') 

(ao  +  ailn(/)+a20n(0)^) 

dLCc  jM^(ai  +  2a;ln(0)  ^ 

*  />t(l-ir)(ao+fl,lii(0+a2(ln(/))^)' 

dLCc  _ _ 4f^ _ _ 

dP  P(l-Lr)(ao+ailn(0+a2(ln(/))2) 


Eqn.  27 


Eqn.  28 


Eqn.  29 


To  estimate  the  variance  of  the  performance  equation  (DF  vs  LCc),  the  data  used 
in  developing  the  original  equation  was  used  in  performing  a  linear  least-squares 
regression  between  the  actual  applied  LCc  and  the  predicted  LCc  from  the  performance 
equation  (Figure  14).  From  this  regression  analysis,  the  estimated  variance  of  the 
regression  V[Reg],  which  is  analogous  to  the  variance  of  a  variable,  was  determined  for 
the  regression  (Draper  and  Smith  1981)  as  follows: 

r[Rcg]=^fl^ 


where  the  SSg  is  the  sum  of  the  squares  of  the  errors  for  the  regression  (1 .44),  n  is  the 
number  of  data  sets  used  in  the  regression  (50),  and  LCci  is  each  value  of  LCc  used  in  the 
regression.  The  variance  of  the  regression  follows  a  hyperbolic  function  on  either  side  of 
the  expected  value,  wth  the  minimum  variance  occurring  at  the  mean  of  the  LCc  values 
used  in  the  regression.  The  variance  increases  as  the  estimate  is  obtained  for  values 
farther  away  from  the  mean  LCc;  the  standard  deviation  of  the  regression 

relative  to  the  expected  value  is  shown  in  Figure  14  as  the  dashed  lines  above  and  below 
the  regression  line. 
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Figure  14.  Actual  versus  predicted  log(coverages  until  failure) 


The  variance  of  the  log  coverages  for  the  demand  V[LCd]  can  be  determined 

simply; 

V[LCd]  =  (CVo  X  LCof  Eqn.  3 1 

where  CVd  is  the  coeflScient  of  variation  for  the  demand  (estimated  log  coverages  of 
applied  traflac)  and  the  LCd  is  the  expected  log  coverages  of  traffic  (demand)  to  be  applied 
to  the  pavement  E[LCd]. 

Once  the  E[LCc],  V[LCc],  E[LCd],  V[LCd],  and  V[Reg]  are  calculated,  the  safety 
margin  SM  can  be  calculated  as: 

EfSM]  =  E[LCc ]  -  EfLCoJ  Eqn.  32 

and  the  variance  of  the  safety  mar^  as 

VfSMJ  =  VfLCc]  +  V[LCd]  +  V[Reg]  Eqn.  33 
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These  values  are  represented  in  Figure  1  (V[Reg]  is  included  within  V[LCc])-  The  value 
of  the  standard  normal  variate  Z  can  then  be  calculated  as; 

7=  Eqn.  34 

4V[SM] 

Note  that  the  square  root  of  the  V[SM]  in  the  denominator  of  the  equation  is  the  standard 
deviation  of  SM. 

F(Z)  represents  the  cumulative  distribution  function  of  the  standard  normal  variate, 
which  is  simply  the  area  under  the  normal  distribution  curve  in  Figure  1  greater  than  Z 
standard  deviations  from  E[SM].  The  reliability  of  the  pavement  system  is  then  simply 
F(Z);  that  is: 

Re  liability  =  TTob[SM  >  0]  =  F(Z)  Eqn.  35 

Note  that  if  the  LCd  and  LCc  are  equal,  the  SM  is  zero  and  the  reliability  of  that  design  is 
50  percent.  This  is  the  assumption  made  in  the  deterministic  design  procedure.  Values  of 
F(Z)  can  be  obtained  from  many  probability  and  statistics  texts;  the  Z  values  for  several 
levels  of  reliability  (F(Z))  are  given  in  Table  8. 


Table  8.  Values  of  the  Standard  Normal  Variate  Z  for  Various  Levels  of 

Reliability 

ReliabUity 

Z 

50% 

0 

60% 

0.26 

70% 

0.53 

80% 

0.84 

90% 

1.28 

95% 

1.645 

The  Reliability-Based  Rigid  Airfield  Design  Program  (RRAD) 

These  concepts  were  applied  in  the  development  of  a  computer  software 
spreadsheet  program  called  RRAD.XLS.  The  spreadsheet  was  written  using  the 
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Microsoft  Excel*  spreadsheet  and  Visual  Basic  programs,  and  may  be  executed  on  any 
personal  computer  containing  this  software  along  with  the  Solver  analytical  package.  The 
program  calculates  for  a  single  ^craft  the  thickness  of  a  concrete  slab  necessary  for  a 
Type  A  traffic  area  (deterministic  design),  assuming  non-fi-ost  conditions,  and  develops 
reliability  versus  thickness  and  thickness  versus  LCc  plots  as  output.  RRAD  allows  the 
selection  of  one  of  four  different  aircraft,  the  F-15E,  C-130,  C-141,  and  C-5A,  on  the 
input  screen.  The  modulus  of  elasticity  and  Poisson’s  ratio  of  the  concrete  are  assumed 
constant  at  4,000,000  psi  and  0. 15,  respectively.  The  load  transfer  is  assumed  to  be  25 
percent,  and  the  edge  stress  equation  constants  (ao,  ai,  and  02)  and  the  p/c  ratio  for  a  Type 
A  traffic  area  are  automatically  selected  for  the  design  aircraft. 

A  flowchart  illustrating  the  algorithms  used  by  the  RRAD  program  is  shown  in 
Figure  15.  The  program  requires  the  deterministic  inputs  of  type  of  aircraft,  load 
magnitude  P,  the  design  passes  DP,  the  90-day  flejoiral  strength  R,  the  modulus  of 
subgrade  reaction  k,  and  the  base  thickness  BT.  Variability  inputs  are  the  CV’s  of  the  load 
(CVp),  the  design  passes  (CVdp),  the  flexural  strength  (CVr),  the  thickness  (CVt),  and  the 
load  transfer  (CVlt).  The  program  suggests  the  design  load  for  the  selected  aircraft,  and 
automatically  calculates  and  displays  the  effective  k  on  top  of  the  base  used  in  calculating 
the  design  thickness  jfrom  Eqn.  12.  The  program  also  automatically  calculates  the 
minimum  mean  concrete  field  strength  necessary  to  meet  the  construction  specification 
requirements  fi’om  the  following  equation; 

Field  R  =  R  X  (1 + X  0.84)  Eqn.  36 

where  0.84  (or  -0.84)  is  the  value  of  the  standard  normal  variate  Z  at  which  20  percent  of 
a  normally  distributed  population  would  be  less.  An  example  of  the  RRAD  input  screen 
with  selected  design  and  variability  parameters  is  shown  in  Figure  16. 

RRAD  uses  the  same  default  equations  and  assumptions  for  calculating  the 
thickness  of  the  ri^d  pavement  as  is  presented  in  the  computer  source  code  for  RAD 
version  1.0,  the  Corps  of  Engineers  rigid  pavement  design  program.  The  primary 
difference  in  the  RAD  and  RRAD  programs  is  minor  differences  in  the  stress  equation 
coefficients  which  can  lead  to  slight  differences  in  the  design  thicknesses  determined  by 
the  methods. 


*  Microsoft  and  Visual  Basic  are  registered  trademarks  of  the  Microsoft  CorporatioiL  Microsoft  Excel 
Solver  code  is  copyrighted  by  Frontline  Systems,  Inc.  and  Optimal  Methods,  Inc. 
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1  w 

_ V _ 1 

step  2.  Determine  Design  Thickness  h(D) 

- 

1 - ^ 

(Type  A  Traffic  Area  Only) 

Calculate  LC(D)  =  log(DP/(p/c)) 

Calculate  k  on  top  of  base  =  f{k.  BT} 
Calculate  OF(Desfgn)  =  0.7  -  0.001k  ♦  0.25  log  (LC(0)) 


- — >1 

Assume  trial  design  thickness  h 

- 

Use  Solver 
to  estimate 
new  h 


Calculate  radius  of  relative  stiffness  / 

Calculate  stress  SW  from  regression  equation  =  ffP.  h.  /} 
Calculate  DFfAllow)  =  R/((1-LT)  x  SW) 


'  OF(Allow)=DF(Deslgn)? 


Deterministic  Thickness  h(D)  «  h 


Step  3.  Determine  range  of  thickness  h  and  LC(C)  combinations 
(Type  A  Traffic  Area) 


Assume  range  of  LC(C):  2  <  LC(C)  <10 
Calculate  actual  R  *=  R  ♦  CV(R)  x  R  x  0.84 


Repeat  Step  2  for  each  assumed  tC(C)  to  find  companion  h 


Step  4.  Calculation  of  Reliability  for  each  LC(C)  and  h  combination 


For  each  LC{C)  and  h  comblnaUon  (including  h(0)) 


Calculate  Variance  of  Design  Parameters: 

VfParameter]  =  (CV  x  Parametef)^2 
Calculate  VILC(C)J  =  f{V[Para meters]} 

Calculate  VfRegresslon]  =  f{tC(C)) 

Calculate  E[SM]  «  EILC(C))  -  E[LC(D)] 

Calculate  VJSMl  «=  VILC(C)1  ♦  VILC(D}I  ♦  VfReg] 
Calculate  Z  =  E[SM1/(VISM1)*0.5 
Calculate  F(Z)  *=  f{Z} 

Reliability  «  F(Z) 


Step  6.  OUTPUTS 

P|ot.1: 

h(D)  vs  Reliability 
h  vs  Reliability 
£ioL2: 
h  vs  LC(C) 


Figure  15.  Flowchart  for  RRAD 
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Reliabilitv-Based  Rigid  Airfield  Pavement  Design  (RRAD) 

Type  of  aircraft  (use  all  capital  letters!) 

Enter  “C-iaO”,  “C-MI",  "F-IS",  or  "C-5A" 

Design  load  (lbs): 

175,000 

Default  value  (lbs)  =  175,000 

Design  passes: 

10,000 

Use  range  of  10  to  10,000,000  passes 

100 

Use  range  of  50  (clay)  to  500  (sand) 

650 

Typical  range:  500  to  800  Field  ftavg:  732 

4 

Min.  4  inches  k  on  top  of  base  123 

Design  load: 

1 

Suggested  range:  5to15(%) 

Passes: 

so 

Suggested  range:  10  to  90  (%) 

Total  thickness: 

5 

Flexural  strength: 

15 

Modulus  of  Subgrade  Reaction  (pci): 

25 

Suggested  range:  10  to  40  (%) 

Load  Transfer: 

25 

Suggested  range:  10  to  40  (%) 

Step  3*  Press  the  tab  at  the  bottom  of  the  page  entitled  "Calculations”  to  begin  calculations.  1 

Figure  16.  Input  screen  for  RRAD  with  example  problem 

The  program  uses  the  deterministic  design  inputs  in  an  iterative  nonlinear 
optimization  routine  in  Solver  to  find  the  thickness  h  necessary  to  satisfy  the  conditions  of 
Eqn.  1 1 .  The  thickness  is  rounded  up  to  the  nearest  one-half  inch  to  obtain  the  design 
thickness.  The  reliability  analysis  is  then  conducted  to  find  a  set  of  thicknesses  and 
associated  reliability’s  for  the  given  detemunistic  and  variability  inputs.  The  program  uses 
the  iterative  technique  to  calculate  a  range  of  thickness  for  a  range  of  LCc  of  about  2  to 
10,  this  time  with  the  same  deterministic  design  inputs  except  that  the  field  i?  is  used 
instead  of  the  design  R  in  calculating  the  thicknesses.  The  field  R  is  used  because  it  is 
closer  to  the  actual  mean  flexural  strength  in  the  field,  and  the  mean  field  flexural  strength 
was  used  in  the  development  of  the  performance  equation  represented  in  Eqn.  8. 

The  reliability  analysis  begins  by  calculating  the  variance  of  each  of  the  design 
parameters  V[parameter]  by  using  the  CV’s  input  at  the  beginning  of  the  program. 

V[parameter]  =  {CV parameter  x  parameterf  Eqn.  3  7 
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The  variance  of  the  LCc,  LCd,  and  the  regression  of  the  predicted  versus  actual  LCc  is 
then  calculated  from  Eqns.  24,  30,  and  3 1  for  each  set  of  assumed  LCc  and  accompan>ing 
h  values.  The  variance  and  expected  value  of  the  safety  margin  SM  are  then  calculated  for 
each  set  by  Eqns.  32  and  33.  The  value  of  the  standard  normal  variate  Z  is  calculated  for 
each  HCdh  set  using  Eqn.  34,  and  the  cumulative  normal  distribution  function  F(Z),  which 
represents  the  reliability  of  that  combination  of  LCc  and  h,  is  determined  by  a  spreadsheet 
function.  The  program  then  plots  the  design  thickness  versus  the  reliability  of  the  design 
thickness  (represented  as  50  percent  reliability),  and  the  range  of  thicknesses  with  their 
accompanying  reliability’s  on  the  same  plot.  An  example  of  this  plot  for  the  design  input 
parameters  given  in  Figure  16  is  shown  in  Figure  17. 

Since  the  reliability  curve  uses  the  mean  field  flexural  strength  instead  of  the  design 
flexural  strength  when  calculating  the  thickness  h  for  a  particular  LCc,  the  reliability  curve 
will  not  pass  through  the  50  percent  reliability  line  at  the  design  thickness,  but  will  instead 
be  at  a  higher  reliability  at  the  design  thickness  (Figure  17).  This  is  intuitively  correct;  if 
the  actual  mean  flexural  strength  in  the  field  is  greater  than  the  input  design  strength 
(which  it  is  if  the  contractor  meets  requirements  of  the  existing  construction  guide 
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Figure  17.  RRAD  output  screen:  thickness  vs.  reliability  plot 
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specifications),  then  it  is  obvious  that  the  pavement  would  last  longer  (or  have  a  greater 
LCc)  than  if  the  mean  field  strength  were  lower,  or  equal  to  the  input  design  strength.  If 
the  C  V  of  the  flexural  strength  is  input  as  zero,  the  reliability  curve  will  pass  through  the 
plotted  design  thickness-50  percent  reliability  point. 

A  plot  of  the  thicknesses  h  calculated  for  each  LCc  is  also  generated.  These 
thicknesses  correspond  to  a  reliability  of  50  percent,  since  the  mean  values  of  the  design 
parameters  (and  the  estimated  mean  field  R)  are  used  in  calculating  h.  An  example  of  this 
plot  generated  for  the  design  input  values  shown  in  Figure  16  is  shown  in  Figure  18. 

Sensitivity  Analysis  of  RRAD 

To  determine  the  effects  of  the  variance  of  the  design  factor  parameters  on  the 
reliability  of  concrete  pavements  designed  with  the  Corps  of  Engineers  procedure,  a 
sensitivity  analysis  was  performed  using  a  range  of  CV  values  for  the  parameters.  In  this 
analysis,  a  matrix  of  low,  medium,  and  high  CV  values  fori?,  LT,  h,  k,  DP  and  P  were 


Thickness  of  Concrete  Slab  at  50%  Reliability 
vs  Passes  until  Failure 


Passes  of  Traffic  Applied  unfit  Failure 


Figure  18.  RRAD  output  screen:  thickness  vs.  passes  until  failure 


47 


used  to  determine  the  effects  of  the  resulting  individual  variances  on  the  reliability  of 
various  thicknesses.  In  the  analysis,  a  design  thickness  concrete  of  1 1.5  in.  was 
determined  for  10,000  passes  of  a  C-130  aircraft,  assuming  a  load  P  of  175,000  pounds, 
an  R  of  650  psi,  a  LT  of  25  percent,  a  ^  of  100  pci,  a  modulus  of  elasticity  of  concrete  of 
4,000,000  psi  and  a  Poison's  ratio  of  0. 15.  As  previously  stated,  this  design  thickness  is 
plotted  at  a  reliability  of  50  percent.  The  CV  values  used  in  the  analysis  are  given  in 
Table  7. 

Figures  19  through  26  present  the  results  of  the  sensitivity  analysis  in  graphical 
form.  The  first  figure  represents  the  individual  effect  of  the  variance  of  the  performance 
equation  only  (V[Reg]),  with  no  variance  of  the  input  parameters.  Figures  20  through  26 
show  the  individual  effects  of  the  variances  of  i?,  LT,  h,  k,  P,  and  design  passes  DP, 
respectively,  on  the  reliability  of  a  range  of  concrete  thicknesses.  In  these  figures,  the  CV 
of  the  parameters  not  shown  on  the  graph  is  zero;  however,  the  effect  of  the  variance  of 
the  regression  (V[Reg])  is  included.  The  characteristic  S-shape  curves  are  similar  to  the 
cumulative  distribution  function  of  the  normal  variate  Z.  The  curves  are  steeper  for  the 
smaller  values  of  the  CV  for  each  parameter,  suggesting  that  a  small  change  in  concrete 


Figure  19.  RRAD  sensitivity  analysis:  effect  of  V[Reg] 
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Figure  20.  RRAD  sensitivity  analysis:  effect  of  CV  of  flexural  strength 
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Figure  21.  RRAD  sensitivity  analysis:  effect  of  CV  of  load  transfer 
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Figure  22.  KRAD  sensitivity  analysis:  effect  of  CV  of  thickness 
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Figure  23.  RRAD  sensitivity  analysis:  effect  of  CV  of  k 
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Figure  24.  RRAD  sensitivity  analysis:  effect  of  CV  of  load 
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Figure  25.  RRAD  sensitivity  analysis:  effect  of  CV  of  passes 
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Figure  26.  RRAD  sensitivity  analysis:  effect  of  CV  of  all  parameters 


thickness  would  have  a  relatively  large  effect  on  the  reliability  of  the  pavement.  As  the 
CV  increases,  the  variance  increases,  and  the  slope  of  the  reliability  curve  decreases, 
indicating  a  decreased  sensitivity  of  reliability  to  changes  in  thickness. 

Note  that  Figure  20  representing  the  effect  of  changing  CVr  has  reliability  curves 
that  pass  above  the  design  thickness-50  percent  reliability  data  point.  These  curves  can  be 
used  to  obtain  the  estimated  reliability  of  the  design  thickness  by  passing  a  vertical  line 
through  the  design  thickness  point;  the  intersections  of  this  line  with  the  reliability  oirves 
represent  the  estimated  reliability  for  the  corresponding  levels  of  variability  (low,  medium, 
or  high  CV).  From  the  graph,  it  is  apparent  that  the  design  thickness  has  a  reliability  of 
about  70  percent  for  all  levels  of  CVr.  The  intersections  of  the  reliability  curves  with  the 
50  percent  reliability  line  occur  at  the  thicknesses  for  an  estimated  50  percent  reliability. 
These  thicknesses,  ranging  from  10.6  in.  for  the  high  CVr  to  1 1.2  in.  for  the  low  CVr,  will 
always  be  less  than  the  deterministic  design  thickness  if  the  CVr  is  non-zero. 

The  relative  sensitivity  of  the  reliability  of  the  pavement  systems  to  the  variance  of 
the  individual  design  parameters  can  be  estimated  by  observation  of  the  slope  of  the 
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reliability  curves.  If  the  slope  of  the  curve  is  changed  (flattened)  a  relatively  large  amount 
when  the  variance  of  a  particular  design  parameter  is  considered,  then  the  sensitivity  of  the 
reliability  to  that  parameter  is  relatively  large.  If  the  reliability  is  not  sensitive  to  the 
variability  in  the  design  parameter,  then  the  slope  of  the  curve  would  remain  unchanged 
and  nearer  to  vertical;  if  there  is  no  variability  in  any  of  the  design  parameters,  or  no  error 
in  the  regression  equation,  and  no  difference  in  LCc  or  LCd,  the  reliability  curve  would  be 
vertical,  or  equivalent  to  a  deterministic  design.  For  the  range  of  CV’s  used  in  this 
analysis,  the  parameters  whose  variance  appear  to  have  the  largest  effect  on  the  reliability, 
in  order  of  largest  to  smallest  effect,  appear  to  be  R,  P,  LT,  h,  k,  V[Reg],  and  design 
passes  DP.  Again,  these  relative  effects  are  based  in  part  on  the  range  of  CV’s  assigned  to 
the  variables;  if  the  CVdp  was  assumed  to  be  higher  than  the  assumed  10  to  90  percent 
(say  the  200  percent  range  suggested  by  AASHTO),  its  relative  effect  on  the  design 
reliability  might  be  much  greater. 

Figure  26  illustrates  the  combined  effects  of  the  variances  of  the  parameters  and 
the  regression  on  the  reliability  of  the  example  pavement  system.  The  variances  of  the 
parameters  were  calculated  fi’om  the  low,  medium,  and  high  CV  values  in  Table  8  and 
combined  in  those  groupings  to  calculate  the  reliability  for  a  range  of  pavement 
thicknesses.  It  is  at  first  apparent  that  the  slopes  of  the  reliability  curves  are  relatively 
flatter  than  the  counterpart  curves  fi'om  the  consideration  of  the  individual  variances;  this 
indicates  that  the  variance  of  5^/is  generally  greater  when  the  variance  of  more  than  one 
of  the  individual  design  factor  parameters  is  considered.  For  this  particular  pavement 
system,  the  reliability  of  a  13-in.-thick  concrete  pavement  ranges  fi’om  about  79  to  92 
percent  as  the  variances  of  the  parameters  range  fi’om  the  high  to  the  low  values. 
Interpreted  in  a  different  way,  the  analysis  shows  that,  to  obtain  a  reliability  of  90  percent, 
the  required  thickness  ranges  fi’om  about  12.8  in.  to  about  14.3  in.  as  the  variances  of  the 
parameters  range  firom  the  low  to  the  high  values. 

Regardless  of  the  method  of  interpreting  the  results  of  the  sensitivity  analysis,  it  is 
apparent  that  the  reliability  of  a  ^ven  pavement  system  is  sufficiently  sensitive  to  the 
variability  of/?,  LT,  h,  k,  P,  and  design  passes  to  merit  their  consideration  in  pavement 
design  and  construction.  This  type  of  analysis  is  particularly  useful  in  quantifying  the 
effects  of  quality  control  on  the  performance  of  the  pavement. 

Reliability-Based  Design  Procedure  for  Flexible  Pavements 

The  FOSM  method  was  also  used  for  the  CBR  design  procedure,  again  because 
the  CBR  equation  and  the  alpha  curves  are  continuous  functions  over  the  range  of  input 
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variables  normally  considered  for  design.  In  the  first  step  of  the  development  of  the 
reliability  procedure  for  CBR  design,  the  performance  equations  were  transformed  to 
express  the  capacity  of  the  pavement  (LCc)  in  terms  of  the  design  parameters.  This  must 
be  done  in  a  two-step  process,  because  the  CBR  equation  was  developed  for  a  fixed 
number  of  coverages  (5,000),  and  the  alpha  curves  were  developed  to  make  any 
adjustments  in  the  thickness  necessary  for  any  other  coverage  level,  depending  upon  the 
number  of  wheels  in  the  critical  gear.  Therefore,  the  CBR  equation  was  expressed  in 
terms  of  alpha  (a),  as  follows: 


a  =■ 


-0.0481 -L1562X  log 


^CBR^ 


Pe 


-  0.6414  X  log 


CBR 


VPe  ) 


-0.4730xlog 


^cbr'^^ 


Pe  ) 


Eqn.  38 

Next,  the  a  curves  were  expressed  in  terms  of  LCc.  To  accomplish  this,  fourth-order 
multiple  linear  regression  equations  were  developed  of  the  form: 

LCq  =  ^>0 + bi{a)+b2ia^)+bi{a^)+b/^{a^)  Eqn.  39 


for  each  of  the  a  curves.  The  values  of  the  regression  coefficients  A,,  along  with  the 
correlation  coefficient  r^  for  each  of  the  a  curves  is  ^ven  in  Table  9. 


Table  9.  Constants  for  Regression  Curve  Predicting  LCc  from  a 

a  curve 

bo 

b, 

b2 

ha 

b4 

H(%) 

1-wheeI 

-0.65293 

2.597798 

5.109429 

-4.83375 

1.181418 

99.981 

2-wheel 

-0.81468 

4.74599 

-1.19977 

2.487597 

-0.84312 

99.976 

4-wheeI 

-1.08453 

7.96767 

-3.43099 

5.076565 

-1.91868 

99.984 

6-wheeI 

-1.14345 

8.80797 

-2.72023 

3.83910 

-1.27587 

99.979 

8-wheel 

-1.53273 

13.43212 

-4.11326 

5.733025 

-2.19275 

99.941 

12-wheeI 

-0.35165 

-0.34886 

1.829152 

-3.62041 

2.89996 

99.969 

16-wheeI 

0.788701 

-14.8595 

5.329309 

-9.72765 

6.538819 

99.946 

24-wheel 

4.084637 

-60.8077 

12.37633 

-22.8335 

14.88641 

99.183 
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Using  the  FOSM  procedure,  the  expected  value  of  a  (E[a])  and  the  variance  V[a] 
can  be  determined  from  the  CBR  equation  (Eqn.  38)  as  follows: 

E[a]=  ^ 

Eqn.  40 

na]  =  ripj  Eqn.  41 

For  the  purpose  of  developing  the  reliabUity  model  for  the  CBR  design  procedure, 
the  variances  of  the  thickness  of  flexible  pavement  above  the  subgrade  t,  the  CBR,  the  tire 
pressure  pe, ,  the  load  magnitude  P,  and  the  design  passes  DP  were  considered  to  be  the 
most  critical  in  evaluating  the  variance  of  oc.  Consideration  of  the  influence  of  the 
variance  of  the  tire  contact  area  A  was  considered  unnecessary  since  its  value  is 
considered  fixed  when  performing  the  CBR  design  procedure,  allowing  the  tire  pressure  to 
vary  directly  with  the  load  P.  The  covariance  of  the  design  parameters  was  considered 
zero;  even  though  the  load  P  and  the  tire  pressure  pe  are  positively  correlated,  the 
correlation  may  vary  for  different  values  of  A.  The  simplicity  of  ignoring  the  covariance  in 
the  equation  was  considered  more  important  than  the  influence  of  the  covariance  on  the 
reliability  results. 

The  partial  derivatives  of  Eqn.  41  are  expressed  as  follows: 

da  1 

dt 

Eqn.  42 


^IAx  -0.0481-L1562xlod^ - 0.6414xlog 


0.4730  X  log 


^^Ax  -0.0481- L1562xlog 


•  0.6414  X  log 


-  0.4730  X  log 


da 

dCBR 


tx  0.50213  +  0.24195  X 


+  0.1 1623  X 


- 0.6414  X  log 


-  0.4730  X  log 


Eqn.  43 
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+  0.1 1623  X  Id 


PgX-jAx  -0.0481- 1.1562 X log -  -0.6414xlog  -  -0.4730xlog 


Eqn.  44 

To  include  the  influence  of  the  variance  of  the  load  P  in  the  total  variance  of  a,  the 
variance  of pe  with  respect  to  P  was  determined,  using  the  relationship  pe  =  P/A  and  the 
FOSM  technique: 


■^T 


V\Pe\  =  \-^\  V[A\  + 


Assuming  that  the  V[^]  is  zero,  as  stated  earlier,  the  V[pJ  then  becomes 


Eqn.  45 


v\pA  =  ^^{cv(p))^ 


Eqn.  46 


and  the  entire  expression  for  ¥(/?«]  then  becomes 


v[pA=-^^[cr(p)f  *(cv(p,))^ 


Eqn.  47 


Once  the  V[a]  is  determined,  the  V[LCc]  can  be  determined  from  the  a  regression 
equations  represented  in  Eqn.  39  and  the  FOSM  technique.  The  V[LCc]  then  becomes: 


V[LCc] 


=  +  2^a + 3^3a^  +  j  V[a]  Eqn.  48 


where  the  coefficients  ^»,  are  obtained  from  Table  9. 


To  estimate  the  variance  of  the  cubic  CBR  equation,  the  data  used  to  validate  the 
cubic  equation  as  represented  in  Figure  1 1  was  used  to  determine  a  least-squares  linear 
regression  between  the  actual  and  predicted  a  values  (Figure  27).  From  this  regression 
analysis,  the  estimated  variance  of  the  regression  V[Reg]  was  obtained  in  the  same  manner 
as  represented  in  Eqn.  30,  where  the  SSe  for  the  regression  was  0.3 126  and  the  number  of 
data  points  n  was  28.  Just  as  was  shown  with  the  rigid  pavement  performance  equation 
analysis,  the  V[Reg]  is  a  hyperbolic  function  of  the  distance  away  from  the  mean  a,  and  is 
represented  by  the  dashed  lines  in  Figure  27. 
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The  variance  of  the  demand  V[LCd]  is  calculated  using  Eqn.  3 1 .  The  E[SM], 
V[SM],  and  the  standard  normal  variate  Z  are  calculated  in  the  same  procedure  used  for 
the  rigid  pavement  analysis,  and  the  reliability  calculated  using  Eqn.  35. 

The  Reliability-Based  Flexible  Airfield  Pavement  Design  Program  (RFAD) 

The  concepts  expressed  in  the  preceding  paragraphs  were  applied  in  developing  a 
computer  spreadsheet  design  program  based  on  the  Corps  CBR  design  procedure  called 
RFAD.  Like  the  RRAD  program,  RFAD  requires  the  use  of  Microsoft  Excel  and  the 
Solver  analytical  package.  The  program  calculates  the  total  thickness  t  of  flexible 


Figure  27.  Actual  vs.  predicted  alpha 

pavement  required  above  a  subgrade  with  a  spedfied  CBR  for  a  Type  A  traflSc  area, 
assuming  non-fi'ost  conditions.  The  thicknesses  of  the  individual  subbase,  base,  and 
asphalt  concrete  layers  are  not  computed  in  RFAD.  The  program  also  develops  reliability 
versus  thickness  and  thickness  versus  LCc  plots  as  outputs,  similar  to  RRAD. 

A  flowchart  illustrating  the  process  incorporated  by  RFAD  is  shown  in  Figure  28. 
The  program  requires  the  deterministic  inputs  of  type  of  aircraft,  gross  weight  of  aircraft 
P,  design  passes  DP,  and  subgrade  CBR.  Variability  inputs  include  the  CV’s  of  the  load 
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1  ^ 

_ X - 

step  2.  Determine  Design  Thickness  t(D) 

L _ 

*  F 

(Type  A  Traffic  Area  Only) 

r, 

Calculate  LC{D)  =  log(DP/(p/c)) 

Calculate  Required  a(R)  «  f{LC(D),  No.  of  Wheels} 


Use  Solver 
to  estimate 
new  t 


Assume  trial  design  thickness  t 


Calculate  ESWL  =  f{t} 

Calculate  p(e) «  ESWL/A 
Calculate  predicted  a{P)  «  f{t.  A.  CBR/p(e)} 


a(P)«a(R)? 


Deterministic  Thickness  t(0}  « t 


Step  3.  Determine  range  of  thickness  t  and  LC(C)  combinations 
(Type  A  Traffic  Area) 


I  Assume  range  of  LC(C):  1  <  LC{C)  <10  | 

V 

Repeat  Step  2  for  each  assumed  LC(C)  to  find  companion  t 
Step  4.  Calculation  of  Reliability  for  each  LC(C)  and  t  combination 

"  V  ~T~ 

For  each  LC(C)  and  t  combination  (including  t(0)) 


Calculate  Variance  of  Design  Parameters: 

V[Parameter]  =  (CV  x  Parametcf)*2 
Calculate  Via] «  ffVfParametersn 
Calculate  VILC(C)1 «  f{VIaD 
Calculate  V(Regfesslon]  *  f{LC(C}} 

Calculate  E(SM1 «  E(LC(C)]  -  EILC(D)1 
Cateulate  VISM]  «  V(LC(C)]  ♦  VILC(D)I  +  VIReg} 
Calculate  Z  *=.ECSM1/(VISM1)^0.S 
Calculate  F^} «  f{Z} 

Renabillty  «  F(Z) 


Figure  28.  Flowchart  for  RFAD 


step  6.  OUTPUTS 
Plotl: 

t(0}  VS  Reliability 
t  vs  Reliability 
Plot  2: 
t  vs  LC(C) 
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(CVp),  the  design  passes  (CVdp),  the  CBR  (CVcbr)>  the  total  thickness  (CVt),  and  the  tire 
pressure  (CVp).  The  appropriate  ESWL  curve  constants,  a  curve  constants,  tire  contact 
area,  and  the  p/c  ratio  for  a  Type  A  traffic  are  assumed  constant  and  are  automatically 
retrieved  when  the  design  aircraft  is  entered.  RFAD  allows  the  selection  of  one  of  four 
difierent  aircraft,  the  F-15E,  C-130,  C-141,  and  C-5A,  on  the  input  screen.  An  example  of 
an  RFAD  input  screen  with  a  trial  set  of  design  and  variability  input  parameters  is  shown 
in  Figure  29. 

RFAD  uses  the  same  default  equations  and  assumptions  for  calculating  the 
thickness  of  the  flexible  pavement  as  is  presented  in  the  computer  source  code  for  FAD 
version  1.0,  the  Corps  of  Engineers  flexible  pavement  design  program.  The  primary 
difference  in  the  FAD  and  RFAD  programs  is  the  method  used  to  obtain  the  ESWL  (%) 
with  depth;  FAD  uses  a  cubic  equation  to  obtain  the  ESWL  with  depth,  and  RFAD  uses  a 
fifth-order  equation  (Eqn.  15).  This  difference  may  lead  to  slight  differences  is  the  ESWL 
determination,  which  in  turn  can  lead  to  slight  differences  in  the  design  thicknesses 
determined  by  the  methods. 


Reliability-Based  Flexible  Airfield  Pavement  Design  (RFAD) 

This  program  calculates  the  total  flexible  pavement  thickness  above  a  subgrade  with  a  spedfied  CBR 
fora  range  of  rellabMy levels.  The  deterministic  thickness  design  (50%  reliability)  is  also  detemined 
for  comparison.  The  design  procedure  is  based  upon  the  Corps  of  Engineers  CBR  critena  for 
airfield  oavements.  The  thicknesses  determined  are  for  a  Type  A  traffic  area  only,  non-frost  conditions. 

step  1:  Insert  values 

Type  of  aircraft: 
Design  load  (lbs): 
Design  passes: 
Subgrade  CBR: 

Step  2:  Enter  expect 
Design  ioad: 

Passes: 

Total  thickness: 
Subgrade  CBR: 

Tire  pressure: 

ed  coefficieni 

10 

60 

10 

25 

15 

of  variation  (CV)  in  percent  for  the  following  variables: 
Suggested  range:  5  to  15  (%) 

Suggested  range:  10  to  110  (%) 

Suggested  range:  5  to  15  (%) 

Suggested  range:  15  to  35  (%) 

Suggested  range:  10  to  20  (%) 

Step  3:  Press  the  tab  at  the  bottom  of  the  page  entitled  "Calculations"  to  begin  calculations. 

Figure  29.  Input  screen  for  RFAD  with  design  example 
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RFAD  uses  an  iterative  nonlinear  optimization  process  in  Solver  to  calculate  the 
thickness  of  flexible  pavement  required  to  solve  Eqn.  38,  given  the  design  input  variables. 
As  explained  pre\nously,  the  iterative  process  is  necessary  because  the  ESWL  used  in 
calculating  the  pe  is  a  function  of  t  The  a  required  for  Eqn.  38  is  obtained  for  the 
appropriate  number  of  wheels  using  Eqn.  14.  The  t  which  is  obtained  from  the  iterative 
process  is  then  rounded  up  to  the  nearest  half-inch  to  obtain  the  design  thickness. 

In  a  manner  similar  to  RRAD,  the  RFAD  reliability  analysis  is  then  conducted  to 
find  a  set  of  thicknesses  and  associated  reliability’s  for  the  given  deterministic  and 
variability  inputs.  The  program  uses  the  iterative  technique  to  solve  for  t  for  an  assumed 
set  of  LCc  values  ranging  from  2  to  10.  For  each  set  of  LCc  and  t,  the  reliability  analysis 
then  calculates  the  variances  of  the  design  parameters  using  Eqn.  37.  The  variance  of  the 
LCc,  LCd,  and  the  regression  of  the  actual  versus  predicted  a  are  determined  from 
Eqns.  48,  31,  and  30,  respectively.  The  E[LCc],  E[LCd],  and  E[SM]  are  calculated  from 
Eqns.  39,  37,  and  1,  respectively,  the  Z  is  calculated  from  Eqn.  34,  and  F(Z)  (the  reliability 
of  the  system)  is  determined  from  a  built-in  Excel  function.  The  program  then  plots  the 
design  thickness  versus  the  reliability  of  the  design  thickness  (50  percent),  and  the  range  of 
thicknesses  (for  the  assumed  LCc)  and  their  respective  reliability’s  on  the  same  graph.  An 
example  of  this  plot  for  the  trial  design  parameters  shown  in  Figure  29  is  shown  in 
Figure  30. 

A  plot  of  the  thicknesses  t  calculated  for  each  LCc  is  also  generated.  These 
thicknesses  correspond  to  a  reliability  of  50  percent,  since  the  mean  values  of  the  design 
parameters  are  used  in  calculating  t.  An  example  of  this  plot  generated  for  the  design 
input  values  shown  in  Figure  29  is  shown  in  Figure  31. 

Sensitivity  Analysis  of  RFAD 

To  determine  the  effects  of  the  variance  of  the  design  parameters  on  the  reliability 
of  flexible  pavements  designed  \wth  the  Corps  of  Engineers  CBR  procedure,  a  sensitivity 
analysis  was  performed  using  a  range  of  CV  values  for  the  parameters.  In  this  analysis,  a 
matrix  of  low,  medium,  and  high  CV  values  for  CBR,  t,  p,  DP,  and  P  were  used  to 
determine  the  effects  of  the  resulting  individual  variances  on  the  reliability  of  various 
thicknesses.  In  the  analysis,  a  total  flexible  pavement  thickness  of  38.5  in.  was  determined 
for  10,000  passes  of  a  C-130  aircraft,  assuming  a  load  P  of  175,000  pounds,  and  a 
subgrade  CBR  of  3.  A  contact  area  of 400  square  inches  and  a p/c  ratio  of  2.09  are 
automatically  retrieved  for  the  design  example.  As  previously  stated,  this  design  tluckness 
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Reliability  Curve  for  Total  Thickness  of  Flexible  Pavement 
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Figure  30.  RFAD  output:  thickness  vs.  reliability 


Passes  of  Traffic  Applied  until  Failure 

Figure  31.  RFAD  output:  thickness  vs.  passes  of  traffic  until  failure 
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is  plotted  at  a  reliability  of  50  percent.  The  CV  values  used  in  the  analysis  are  given  in 
Table  7. 

Figures  32  through  38  present  the  results  of  the  sensitivity  analysis  in  graphical 
form.  The  first  figure  represents  the  individual  effect  of  the  variance  of  the  performance 
equation  only,  with  no  variance  of  the  input  parameters.  Figures  33  through  37  show  the 
individual  effects  of  the  variances  of  P,  DP,  t,  CBR,  and  p,  respectively,  on  the  reliability 
for  a  range  of  flexible  pavement  thicknesses.  In  these  figures,  the  CV  of  the  parameters 
not  shown  on  the  graph  is  zero;  however,  the  effect  of  the  variance  of  the  regression  is 
included.  As  with  the  RRAD  analysis,  the  characteristic  S-shape  curves  are  similar  to  the 
cumulative  distribution  fimction  of  the  normal  variate.  The  curves  are  steeper  for  the 
smaller  values  of  the  CV  for  each  parameter,  suggesting  that  a  small  change  in  flexible 
pavement  thickness  would  have  a  relatively  large  effect  on  the  reliability  of  the  pavement. 
As  the  CV  increases,  the  variance  increases,  and  the  slope  of  the  reliability  curve 
decreases,  indicating  a  decreased  sensitiwty  of  reliability  to  changes  in  thickness. 
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Figure  32.  RFAD  sensitivity  analysis:  effect  of  CV  of  V(Reg]  only 
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Figure  33.  RFAD  sensitivity  analysis:  effect  of  CV  of  load 
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Figure  34.  RFAD  sensitivity  analysis:  effect  of  CV  of  Passes 
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Figure  35.  RFAD  sensitivity  analysis:  effect  of  CV  of  Thickness 
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Figure  36.  RFAD  sensitivity  analysis:  effect  of  CV  of  tire  pressure 
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Figure  37.  RFAD  sensitivity  analysis:  effect  of  CV  of  CBR 
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Figure  38.  RFAD  sensitivity  analysis:  effect  of  CV  of  all  variables 


Using  a  ranking  procedure  similar  to  the  one  used  in  the  RRAD  sensitivity  analysis, 
the  design  parameters  which  appear  to  have  the  most  effect  on  the  reliability  of  the 
pavement  system,  in  order  of  greatest  to  least  effect,  are  the  CBR,  V[Reg],  pe,  DP,  and 
P.  These  relative  effects  are  based  in  part  on  the  range  of  CV’s  chosen  for  each 
parameter;  for  instance,  if  a  much  larger  range  for  CV?  was  used  than  the  assumed  5  to  15 
percent  range,  the  load  P  would  have  a  greater  effect  than  indicated. 

Figure  38  illustrates  the  combined  effects  of  the  variances  of  the  parameters  and 
the  regression  on  the  reliability  of  the  example  pavement  system.  The  variances  of  the 
parameters  were  calculated  from  the  low,  medium,  and  high  CV  values  in  Table  7  and 
combined  in  those  groupings  to  calculate  the  reliability  for  a  range  of  pavement 
thicknesses.  It  is  apparent  that  the  slopes  of  the  reliability  curves  are  relatively  flatter  than 
the  counterpart  curves  from  the  consideration  of  the  individual  variances;  this  indicates 
that  the  variance  of  SM  is  generally  greater  when  the  variance  of  more  than  one  of  the 
individual  design  factor  parameters  is  considered.  For  this  particular  pavement  system,  the 
reliability  of  a  50-in. -thick  flexible  pavement  ranges  from  about  85  to  97  percent  as  the 
variances  of  the  parameters  range  from  the  high  to  the  low  values.  Interpreted  in  a 
different  way,  the  analysis  shows  that,  to  obtain  a  reliability  of  90  percent,  the  required 
thickness  ranges  from  about  46  to  about  52  in.  as  the  variances  of  the  parameters  range 
from  the  low  to  the  high  values. 

Comparison  of  Monte  Cario,  PEM,  and  FOSM  Results 

The  Monte  Carlo  simulation  technique  and  the  PEM  technique  were  used  in  a 
flexible  pavement  design  example  to  compare  the  results  of  the  variability  analysis  of  these 
techmques  to  the  FOSM  method.  The  design  example  considered  100,000  passes  of  a  C- 
130  with  a  gross  weight  of  175,000  pounds,  and  the  subgrade  CBR  was  5.  The 
coefficient  of  variation  assumed  for  the  example  were:  CVp,  20  percent;  CVdp,  20  percent; 
CVt,  15  percent;  CVcbr,  25  percent;  and  CVp,  15  percent.  The  Monte  Carlo  simulation 
was  conducted  for  100  trials,  vrith  the  design  parameters  distributions  obtained  by  a 
spreadsheet  function  designed  to  use  the  input  variable  as  the  mean  and  the  standard 
deviations  calculated  from  the  CV’s.  The  PEM  was  conducted  for  five  dependent 
variables  using  the  same  mean  and  variances  of  the  design  parameters  as  were  assumed  for 
the  Monte  Carlo  and  FOSM  methods.  The  results  of  the  analysis  are  shown  in  Figure  39. 

It  is  apparent  from  the  graph  that  the  Monte  Carlo,  PEM,  and  FOSM  methods  yielded 
virtually  the  same  distributions  of  thickness,  with  only  a  slight  horizontal  sluft  in  the  curves 
representing  slight  differences  in  the  estimates  of  the  mean  thickness  values. 
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Part  IV:  Determination  of  Appropriate  Levels  of  Reliability  for 
Airfields 


Assessment  of  Risk  of  Failure 

The  capability  of  designing  a  pavement  for  various  degrees  of  reliability  is  useless 
to  the  designer  unless  he  understands  what  a  given  degree  of  reliability  really  means,  and 
what  degree  of  reUability  is  then  necessary  for  a  particular  application.  The  following 
discussion  addresses  the  first  issue,  and  suggests  methods  of  obtaining  appropriate  values 
of  reliability  for  the  second  issue. 

The  reliability  of  a  design  thickness  as  specified  in  this  report  simply  means  that  the 
pavement  has  about  X  chance  (for  a  reliability  of  X)  of  achieving  the  design  level  of  traffic 
before  the  pavement  reaches  the  “failure”  condition.  The  failure  condition  as  defined  for 
the  rigid  pavement  design  procedure  simply  means  that  half  of  the  concrete  slabs  have 
sustained  at  least  one  structural  crack.  For  the  CBR  design  procedure,  the  failure 
condition  is  defined  as  that  point  during  the  life  of  the  pavement  at  which  the  pavement 
has  experienced  a  certain  degree  of  surface  deformation  (rutting)  due  to  shear  failure 
and/or  densification  of  the  pavement  layers  or  subgrade.  These  are  considered  structural 
failures  of  the  pavement,  and  should  be  distinguished  fi'om  a  functional  failure.  A 
functional  fmlure  occurs  when  the  pavement  can  no  longer  provide  safe,  comfortable,  and 
adequate  service  to  those  using  the  pavement.  It  is  typically  governed  primarily  by  the 
smoothness  (or  roughness)  of  the  pavement  as  felt  by  the  user  of  the  pavement  while 
riding  along  the  pavement.  The  two  methods  of  defining  failure  do  not  necessarily 
coincide  at  a  common  point  during  the  life  of  the  pavement  (in  terms  of  passes  or 
coverages  of  traffic).  A  concrete  pavement  may  be  structurally  failed  according  to  the 
Corps  rigid  pavement  criteria,  i.e.  one  half  of  the  slabs  may  have  one  or  more  structural 
cracks,  but  still  provide  good  service  to  the  users  of  the  pavement.  Conversely,  the 
pavement  may  be  functionally  classified  as  failed  due  to  excessive  roughness  of  the  surface 
or  faulted  joints,  but  may  not  have  reached  the  point  of  structural  failure.  Therefore,  the 
reliability  derived  fi'om  the  procedure  presented  in  this  report  does  not  necessarily 
translate  to  similar  degree  of  functionality  or  serviceabilty  of  the  pavement  for  a  given 
level  of  traffic,  and  should  not  be  construed  to  be  a  reflection  of  the  probability  of 
sustained  serviceability  over  the  life  of  the  pavement. 

The  selection  of  an  appropriate  degree  of  a  reliability  for  a  pavement  system 
should  be  based  upon  the  assessment  of  risk  associated  with  failure  of  the  pavement.  A 
pavement  design  with  a  fifty-percent  reliability  implies  that  the  designer  is  comfortable 
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with  the  knowledge  that  there  is  a  50  percent  chance  that  the  pavement  will  last  for  the 
number  of  load  appUcations  it  has  been  designed  for  before  f^g  structurally,  and  a  50 
percent  chance  that  it  wiU  not.  This  degree  of  reUability  has  been  used  for  many  years  by 
en^eers  using  the  Corps  CBR  design  procedure,  and  according  to  the  analysis  in  this 
report,  a  somewhat  higher  degree  of  reliability  has  inadvertently  been  enjoyed  by  those 
designing  rigid  pavements  using  the  Corps  procedure.  The  example  in  this  report  indicates 
that  a  reliability  of  about  70  percent  might  actually  be  achieved  with  the  determimstic  rigid 
pavement  thickness  design.  However,  the  risk  of  failure  in  these  cases  was  more  that 
likely  perceived  to  be  rebuilding  or  rehabilitating  the  pavement  sooner  than  expected,  and 
did  not  mean  that  an  important  military  mission  would  be  curtailed  due  to  an  early  failure. 
Therefore,  risk  of  failure  (the  complement  of  reliability)  for  a  military  pavement  should  not 
be  determined  solely  on  the  basis  of  the  economics  of  increased  maintenance, 
rehabilitation,  or  reconstruction  of  the  pavement,  but  also  on  the  probability  that  these 
events  might  occur  during  a  critical  mission  or  national  security  event.  This  problem  was 
realized  during  the  deployment  of  heavy  cargo  aircraft  from  Campbell  Army  Airfield  to 
Saudi  Arabia  in  support  of  Operation  Desert  Storm  in  the  summer  and  fall  of  1990  and 
early  1991  (Dyer  1993).  The  heavy  mrcrafl  began  fmling  the  1940’s  vintage  airfield 
pavement  at  such  an  alarming  rate  in  February  1991  that  complete  reconstruction  of 
critical  sections  of  the  mrfield  had  to  be  completed  in  emergency  situations  to  sustain  the 
viability  of  the  critical  mission  from  Ft.  Campbell. 

Knowledge  of  Alternative  Strategies 

Another  factor  that  should  be  considered  in  the  selection  of  a  reliability  level  for  a 
military  airfield  is  the  accessibility  and  viability  of  using  alternate  airfield  sites  or  even 
alternate  pavement  areas  on  the  same  mrfield.  Multiple  runways  at  a  single  facility  that  are 
capable  of  supporting  the  aircraft  necess^  for  a  critical  mission  may  not  need  to  be 
designed  at  the  same  degree  of  reliability  as  a  single  runway  in  a  remote  airfield.  Likewise, 
a  location  with  several  airfields  in  reasonably  close  proximity,  such  as  San  Antonio,  may 
be  able  to  divert  critical  mission  aircraft  to  a  nearby  airfield  in  the  event  of  a  pavement 
faUure,  and  the  pavements  therefore  may  be  designed  at  a  lesser  degree  of  reUabihty  than  a 

remote  airfield. 

Existing  Recommendations  for  Levels  of  Reliability 

The  Texas  flexible  pavement  design  program  FPS  has  recommended  various 
degrees  of  reliability  of  a  pavement  depending  upon  three  criteria  (Hudson  1975);  the 
volume  of  traffic  expected  over  the  lifetime  of  the  pavement,  the  functional  classification 
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of  the  pavement  (arterial  or  coUector),  and  the  avaUability  of  alternative  routes.  These 
recommendations  were  developed  from  the  results  of  a  survey  of  pavement  designers  who 
indicated  their  degree  of  confidence  in  several  pavement  designs  at  various  levels  of 
reliability.  The  recommendations  are  shown  in  Table  10.  Of  note  is  the  relatively  high 
degree  of  reliability  assigned  to  even  the  lowest  risk  pavement:  95  percent  for  several 
combinations  of  relatively  low  traffic  levels  and  a  reasonable  ability  to  divert  traffic.  It 
should  also  be  noted  that  the  failure  mode  for  the  FPS  design  system  is  based  upon 
fimctional  failure,  and  not  simply  structural  failure. 


Table  10.  Recommended  Design  Reliability  Levels  for  FPS  Program 


Traffic 

Handling 

Situation 

Functional 

Classification 

Traffic  Level 

<  500,000 
passes 

500,000  to 
2,000,000  passes 

>  2,000,000 
passes 

Satisfactory 

Collector 

95 

95  or  99 

99 

Arterial 

95 

95  or  99 

99  or  99.9 

Some 

Problem 

Collector 

95 

95  or  99 

99 

Arterial 

95  or  99 

99  1 

99  or  99.9 

Considerable 

Problems 

Collector 

95  or  99 

99  or  99.9 

99.9 

Arterial 

99 

99  or  99.9 

99.9 

Proposed  Recommendations  for  Level  of  Reliability  for  Military  Airfields 

From  observation  of  this  table  developed  for  highway  pavements,  and  recognition 
of  the  relatively  good  performance  of  airfields  designed  using  existing  criteria,  a 
framework  for  assessing  the  necessary  reliability  for  mihtary  airfield  pavements  was 
devised.  The  key  components  of  this  simple  framework  include  the  criticality  of  the 
airfield  mission  to  current  or  future  national  security  or  wartime  operations;  the  type  of 
rurcraft  assigned  to  the  airfield;  the  traffic  area  classification;  and  the  proHmity  of 
redundant  airfield  systems.  A  brief  discussion  of  each  of  these  classifications  follows. 

The  criticality  of  the  mission  of  the  airfield  to  national  security  or  wartime 
operations  would  be  relatively  high  for  a  strategic  bomber  base  or  an  airfield  supporting 
forward  operations,  such  as  the  CampbeU  Army  Airfield.  The  criticaUty  of  the  mission  to 
national  security  might  be  lower  for  an  airfield  with  the  primary  mission  of  storing  moth¬ 
balled  aircraft.  The  type  of  aircraft  using  the  pavement  might  also  influence  the  reliability 
level  chosen,  due  to  the  capability  of  the  aircraft  for  operating  on  an  airfield  that  has 
“failed”  structurally.  Certain  aircraft,  such  as  fighter  aircraft  or  some  passenger  aircraft. 
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pETticularly  those  with  jet  engines,  require  e  relatively  smooth  and  defect-free  surface  to 
maintain  Operational  effectiveness.  However,  some  cargo  aircraft,  such  as  the  C-130,  can 
operate  on  relatively  rough  airfield  surfaces,  even  an  unsurfaced  airfield,  and  therefore  the 
consequences  of  “Mure”  of  the  pavement  on  the  operational  effectiveness  of  the  aircraft 
are  less  drastic. 

The  traffic  area  classification  of  an  airfield  pavement  is  certainly  relevant  to  its 
relative  importance  to  an  airfield  mission.  The  reliability  of  a  runway  or  taxiway  should 
reflect  their  importance  in  getting  aircraft  on  the  ground  (or  back  in  the  air)  and  out  of  the 
way  of  other  incoming  mcraft  needing  to  land  or  take  off.  An  apron  for  parking  and 
servicing  aircraft  is  also  important,  but  the  immediate  risk  of  someone  d5ing  from  a  plane 
crash  does  not  exist  for  aprons  as  it  does  for  runways  or  even  taxiways.  An  apron  is 
typically  large  enough  such  that  aircraft  can  maneuver  around  defective  areas  in  the 
pavement,  while  a  defective  area  in  a  the  middle  of  a  runway  is  more  difficult  to  avoid. 

Finally,  the  proximity  of  redundant  airfield  pavement  systems  with  a  similar 
capability  should  be  considered  in  selecting  the  design  reliability,  whether  the  redundancy 
is  on  the  same  airfield  or  at  a  nearby  mrfield  with  a  siimlar  mission  capability.  According 
to  the  laws  of  probability  of  redundant  (or  parallel)  systems  (Harr  1987),  an  airfield 
pavement  system  with  two  runways  having  a  reliability  of  50  percent  each  has  the  same 
probability  of  failure  as  an  mfield  pavement  system  with  one  runway  having  a  reliability  of 
75  percent. 

Considering  the  relatively  high  levels  of  suggested  reliability  for  highway 
pavements  along  with  the  performance  of  airfield  pavements  designed  with  existing  criteria 
(i.e.  50  to  70  percent  reUability),  a  table  of  possible  levels  of  reliability  for  designing 
military  airfield  pavements  was  developed  (Table  1 1),  using  the  suggested  framework  for 
classification  of  relative  needs  for  reliability.  This  table  was  developed  purely  upon  the 
judgment  of  the  author  in  light  of  the  prewously  stated  considerations,  and  is  not  based 
upon  any  analysis  of  data  of  quantitative  assessment  of  risk.  While  the  reliability  levels 
suggested  in  the  table  should  not  be  taken  at  face  value  (nothing  replaces  the  judgment  of 
the  design  engineer),  they  may  provide  a  framework  for  a  designer  to  assess  the  relative 
degree  of  risk  (and  therefore  the  degree  of  rehability)  that  should  be  used  for  a  particular 
design  application. 
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Table  11.  Possible  Levels  of  Design  Reliability  for  Militaiy  Airfields  for  Various 
Situations 

Proximity  of 
Redundant 
Systems 

Traffic 

Area 

Classification  of 
Aircraft  that  is 
Primary  and 
Critical 

to  Airfield  Mission 

Assessment  of  Current  or 
Future  Criticality  of  Airfield 
Mission  for  National  Security 
or  Wartime  Operations 

Low 

Remote  airfield 
site  and/or  no 
redundant 
systems 

Runway  or 
Taxiway 

Fighter  or 
Passenger 

98  %  plus 

90  to  95  % 

Cargo 

98  %  plus 

90  to  95  % 

Apron 

Fighter  or 
Passenger 

95  %  plus 

80  to  90  % 

Cargo 

95  %  plus 

75  to  85  % 

Airfield  in  close 
projdmity  or 
existing 
availability  of 
redundant 
systems 

Runway  or 
Taxi  way 

Fighter  or 
Passenger 

90  to  95  % 

65  to  75  % 

Cargo 

90  to  95  % 

60  to  70% 

Apron 

Fighter  or 
Passenger 

85  to  90  % 

55  to  65  % 

Cargo 

85  to  90  % 

50  to  60  % 

72 


Part  V:  Conclusions  and  Recommendations 


Conclusions 

This  study  accomplished  the  stated  objectives  by  providing  the  means  of  assessing 
the  reliability  of  an  airfield  pavement  design  using  the  Corps  of  Engineers  rigid 
(Westergaard)  or  flexible  (CBR)  design  procedures.  The  procedures  consider  the 
variability  of  the  design  parameters,  and  the  variability  in  the  performance  models,  in 
assessing  the  reliability  of  a  design.  The  reliability  of  the  deterministic  thickness  design 
derived  fi'om  the  CBR  design  procedure  was  found  to  be  around  50  percent,  while  the 
deterministic  thickness  design  value  obtained  fi'om  the  rigid  pavement  design  procedure 
(Westergaard)  was  found  to  be  in  excess  of  50  percent,  and  may  actually  be  closer  to  70 
percent.  These  procedures  were  used  in  developing  simple  design  spreadsheet  programs 
for  ri^d  (RRAD)  and  flexible  (READ)  pavements.  The  RRAD  and  READ  models 
indicated  a  relative  sensitmty  of  the  reliability  of  the  pavement  to  the  variance  of  the 
design  parameters  as  follows  (in  order  of  greatest  to  least  influence):  R,  P,  LT,  h,  k, 
VjReg],  and  DP  for  rigid  pavements,  and  CBR,  t,  V[Reg],/7c,  DP,  and  P  for  flexible 
pavements.  It  was  noted  that  these  relative  effects  might  change  for  different  assumed 
values  of  CV  for  the  parameters.  A  framework  of  assessing  the  reliability  level  needed  for 
a  particular  military  pavement  application  was  also  presented,  along  \rith  possible  ranges 
for  those  reliability  levels. 

Strengths  and  Limitations  of  the  Reliability  Models 

The  strengths  and  limitations  of  the  reliability  procedures  developed  in  this  report 
should  be  recognized.  The  advantages  of  a  reliability-based  design  procedure  over  a 
deterministic  design  system  are  numerous.  Eirst  and  foremost  is  the  capability  to  design  at 
other  than  relatively  fixed  levels  of  reliability  such  as  the  50  to  60  percent  typically 
achieved  with  the  deterministic  approach.  The  ability  to  characterize  the  effect  of 
variability  in  the  design  inputs  parameters  on  the  reliability  of  a  pavement  system  has 
important  ramifications  in  the  area  of  quality  control  criteria  development  or  the 
assessment  of  penalties  or  rewards  based  upon  various  degrees  of  variability  in  the  design 
parameters  as  measured  in  quality  assurance  operations.  The  reliability-based  approach 
also  allows  the  assessment  of  the  relative  sensitivity  of  the  expected  pavement 
performance  due  to  realistic  variations  in  the  design  parameters. 
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However,  the  limitations  of  the  reliability-based  design  procedure  are  also 
numerous.  The  accuracy  of  a  predicted  reliability  relative  to  the  actual  performance  of  the 
pavement  is  no  better  than  the  ability  of  the  design  model  to  predict  the  performance  of 
the  pavement  given  the  design  parameters.  While  some  of  this  difference  in  actual  and 
predicted  performance  was  quantified  in  the  analysis  of  the  variance  of  the  rigid  pavement 
and  CBR  performance  equations,  the  performance  equations  themselves  are  limited  by  the 
range  and  type  of  data  used  to  model  the  performance.  For  instance,  the  largest  number 
of  coverages  until  failure  used  in  the  development  of  the  rigid  pavement  performance 
model  was  about  10,000,  but  the  same  model  is  routinely  used  to  predict  the  performance 
of  pavements  with  design  coverages  several  orders  of  magnitude  larger  than  this.  Another 
potential  problem  with  the  performance  models  is  that  the  data  used  to  obtain  them  came 
fi-om  test  sections  that  were  constructed  under  controlled  situations  and  experienced  a 
limited  degree  of  variation  in  climatic  and  environmental  conditions  during  the  period  of 
accelerated  trafficking.  While  the  variations  in  the  climate  during  the  testing  most 
certainly  contributed  to  the  scatter  in  the  performance  data,  and  therefore  are  indirectly 
accounted  for  in  the  development  of  the  performance  equations,  extreme  climatic 
conditions  or  variations  in  climate  at  the  actual  construction  site  might  cause  the 
performance  of  the  pavement  to  be  different  than  expected.  The  performance  models  are 
also  limited  in  that  the  parameters  and  analytical  models  used  in  characterizing  the 
behavior  of  the  pavement  materials  are  limited  in  their  ability  to  predict  the  actual  states  of 
stress,  str^  deflection,  or  fatigue  in  the  pavement. 

A  significant  problem  in  the  accuracy  of  the  reliability  procedure,  however,  may  be 
realized  in  the  ability  (or  inability)  of  the  designer  to  know  the  actual  mean  and  variance 
values  of  the  in-place  materials  during  the  design  process.  Differences  in  the  assumed  and 
actual  in-place  means  and  variances  in  the  design  parameters  can  have  a  significant  effect 
on  the  ability  of  the  reliability-based  design  procedure  to  accurately  assess  the  reliability 
of  the  pavement  system.  One  example  of  this  effect  was  illustrated  by  using  the  estimated 
in-place  flexural  strength  of  the  concrete  pavement  instead  of  assuming  that  the  design 
value  was  the  mean  value.  As  was  seen  in  Table  4,  the  mean  values  of  the  load  transfer, 
which  is  always  assumed  to  be  25  percent  in  rigid  pavement  design  for  airfields,  can  be  as 
low  as  14  percent  in  certain  conditions  of  climate  and  joint  type.  The  mean  thickness  of 
concrete  and  asphalt  concrete  pavements  as  constructed  is  often  slightly  larger  than  the 
design  thickness  (the  assumed  mean  thickness)  due  to  severe  penalties  for  inadequate 
thickness.  This  increased  thickness  would  result  in  a  somewhat  greater  reliability  of  the 
pavement  system  than  expected.  The  relative  effects  of  probable  differences  in  the 
assumed  and  actual  means  of  the  pavement  design  parameters  on  the  reliability  of  the 
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pavement  system  is  shown  in  Table  12.  As  can  be  seen  from  the  table,  the  effects  on  the 
reliability  are  mixed,  and  therefore  their  combined  effects  on  the  reliability  may  tend  to 
cancel  each  other  out,  resulting  in  a  more  accurate  assessment  of  reliability  than  may  be 
assumed  if  only  one  parameter  is  investigated. 


Table  12.  Effect  of  Differences  in  Assumed  and  Actual  Means  of  Pavement 
Design  Parameters  on  Reliability  of  Pavement  System 

Design  Parameter 

Probable  Relative  Position 
of  Actual  Mean  Value  to 
Assumed  Mean  Value 

Effect  of  Relative 
Difference  on  the 
Reliability  of  the 
Pavement  System 

Load  Magnitude 

Less 

Higher 

Number  of  Design  Passes 

More 

Lower 

Rigid  Pavements 

Thickness  of  PCC  Slab 

More 

Higher 

Flexural  Strength  of  Concrete 

More 

Higher 

Modulus  of  Subgrade 
Reaction 

More 

Higher 

Load  Transfer 

Less 

Lower 

Flexible  Pavements 

Thickness  of  Asphalt 
Concrete  (AC) 

Less  if  the  AC  is  pmd  for  by 
the  square  yard 

Lower 

• 

More  if  the  AC  is  paid  for  by 
the  ton 

Higher 

CBR  of  Subgrade 

More 

Higher 

Tire  Pressure 

Less 

ffigher 
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Another  aspect  of  the  variability  associated  with  the  design  model  is  the  accuracy 
and  precision  of  some  of  the  assumed  relationships  built  into  the  model,  such  as  the 
function  for  estimating  the  k  on  top  of  the  base  (Jctb  in  Eqn.  12),  the  ESWL  curves,  the  p/c 
ratios,  and  the  regression  curves  developed  specifically  for  RRAD  and  READ  (such  as 
Eqn.  14  or  15).  While  the  regression  equations  developed  for  this  report  had  very  high 
correlation  coefficients  (r^  typically  above  99.9  percent),  there  is  some  error  associated 
with  the  predictions,  and  these  errors  are  not  considered  in  this  analysis.  However,  these 
errors  are  probably  small  compared  to  the  accuracy  and  precision  of  the  kw 
approximation.  These  errors  should  be  investigated  further  to  determine  their  eflfect  on 
the  reliability  analysis. 

One  additional  limitation  of  the  design  models  is  the  presumption  that  the  materials 
used  for  the  construction  of  the  pavement  are  sufficiently  durable  to  last  the  full  design 
period,  whether  the  pavement  is  loaded  or  not.  This  may  not  always  be  the  case.  If  a 
concrete  pavement  is  not  properly  mr-entrained,  for  instance,  the  pavement  may 
deteriorate  prematurely  in  areas  where  fi'ee2dng  and  thawing  and  saturation  of  the 
pavement  is  fi’equent  and  common.  Asphalt  concrete  pavements  that  have  not  been 
compacted  properly,  contain  too  much  asphalt  cement,  or  contain  relatively  weak 
aggregate  are  more  likely  to  fail  sooner  than  expected  if  these  properties  were  assumed  to 
be  satisfactoiy  in  the  design  process. 

Recommendations 

Applications  for  the  Reliability  Models 

The  proposed  reliability-based  design  procedure  should  be  used  as  a  tool  by  the 
airfield  pavement  designer  who  is  interested  in  characteriring  the  effect  of  pavement 
parameter  variability  on  the  reliability  of  the  pavement  design.  The  user  of  the  method 
should  be  aware  of  the  limitations  of  the  model,  however,  and  should  use  the  output  of  the 
proposed  design  procedure  as  input  to  a  judgment-based  decision  on  the  necessary  design 
thickness. 

The  FOSM  procedure  was  used  in  the  development  of  this  model,  because  of  the 
relative  simplicity  of  applying  the  method  to  the  closed-form  performance  equation. 
However,  the  advantages  of  the  PEM  are  also  outstanding,  and  this  method  along  wdth  the 
Monte  Carlo  simulation  technique  are  the  only  practical  methods  for  assessing  the 
variability  of  a  complex  computational  analysis  procedure  such  as  the  elastic  layer  or  finite 
element  methods.  Of  these  two  procedures,  the  PEM  is  the  most  computationally  efficient 
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in  terms  of  assessing  the  variance  of  the  design  system  with  a  reasonable  degree  of 
accuracy.  It  is  therefore  recommended  that  the  PEM  be  used  for  fiirther  development  of 
reliability-based  design  procedures  that  use  these  computational  methods  in  estimating  the 
pavement  behavior  and  performance. 

Future  research  needs 

It  is  also  recommended  that  further  research  be  conducted  in  the  following  areas  to 
improve  the  accuracy  and  usefulness  of  the  reliability-based  design  procedure: 

a)  The  relationship  between  the  actual  and  assumed  mean  values  of  the  design 
parameters  should  be  investigated  in  detail  so  that  these  effects  can  be  compensated  for  in 
the  reliability  analysis. 

b)  A  survey  of  mrfield  pavement  designers  along  with  an  assessment  of  the 
requirements  of  various  military  airfield  operational  situations  should  be  undertaken  to 
develop  realistic  recommendations  or  criteria  for  levels  of  reliability  needed  for  military 
airfield  pavement  design.  A  fi-amework  for  such  an  investigation  has  been  proposed. 

c)  A  more  accurate  reliability-based  design  procedure  would  include  more  directly 
the  effects  of  spatial  variability  in  the  pavement  system,  such  as  variability  of  the  concrete 
strength  with  depth  in  the  slab,  or  variability  in  the  lateral  wander  of  various  aircraft  in 
different  situations.  This  would  require  the  use  of  more  sophisticated  analytical  techniques 
than  the  Westergaard  equation,  for  example,  which  does  not  consider  the  effects  of 
fiiction  at  the  bottom  of  the  pavement  slab,  curling  or  warping  of  the  slabs  due  to 
temperature  or  moisture  gradients  in  the  slab,  or  non-linear  behavior  of  the  support  of  the 
foundation  material  under  the  load.  The  adoption  of  a  fimctionally-based  failure  criteria 
that  would  consider  various  modes  of  failure  would  also  lead  to  more  realistic  assessments 
of  reliability.  A  more  sophisticated  analytical  model  that  would  consider  directly  such 
effects,  such  as  a  finite-element  or  particulate  mechanics  approach,  and  would  also  allow 
various  distributions  of  pavement  material  and  geometric  properties  to  be  reflected  directly 
in  the  pavement  system  in  all  directions,  would  contribute  greatly  to  a  more  accurate 
reliability-based  approach.  Such  a  model  should  also  consider  the  effects  of  dynamic 
loading  of  aircraft:  on  the  pavement,  as  well  as  any  lateral  distribution  of  traffic  that  may  be 
encountered.  The  performance  of  the  materials  in  terms  of  durability  in  different 
environmental  conditions  should  also  be  considered  in  the  model,  since  fmlures  can  result 
from  a  lack  of  durability  of  the  pavement  material  in  particular  environments.  The  rapid 
progress  of  computational  capabilities  in  both  the  research  and  pavement  design  arena  are 
making  the  realization  and  use  of  such  an  approach  more  likely  than  ever  before. 
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